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Diesel emissions are a major contributor to combustion-generated airborne ambient

particles. To understand the role of diesel particulate emissions on health effects, it is

important to predict the actual particulate dose deposited in the human respiratory

tract, with respect to number, surface area and mass. This is complicated by the

agglomerate nature of some of these particles. In this study the respiratory tract

deposition fraction in the size range 10–500 nm, was determined for 10 healthy

volunteers during both idling and transient engine running conditions of a heavy duty

diesel engine. The aerosol was characterized with respect to both chemical and physical

properties including size resolved particle effective density. The dominating part of the

emitted particles had an agglomerate structure. For those formed during transient

running conditions, the relationship between particle mass and mobility diameter could

be described by a power law function. This was not the case during idling, most likely

because of volatile compounds condensing on the agglomerates. The respiratory tract

particle deposition revealed large intra-subject variability with some subjects receiving

a dose that was twice as high as that of others, when exposed to the same particle

concentration. Associations were found between total deposited fractions (TDF), and

breathing pattern. There was a difference between the idling and transient cycle with

TDF being higher with respect to number during idling. The measured size-dependent

deposition fraction of the agglomerated exhaust particles from both running conditions

was nearly identical and closely resembled that of spherical hydrophobic particles, if

plotted as a function of mobility diameter. Thus, for the size range covered, the mobility

diameter could well describe the diameter-dependent particle respiratory tract deposi-

tion probability, regardless of the agglomeration state of the particles. Whilst mobility

diameter well describes the deposition fraction, more information about particle

characteristics is needed to convert this to volume equivalent diameter or estimate

dose with respect to surface area or mass. A methodology is presented and applied to

calculate deposited dose by surface area and mass of agglomerated particles. The

methodology may be useful in similar studies estimating dose to the lung, deposition

onto cell cultures and in animal studies.
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Nomenclature

ak,bk, ck, dk Fitted parameters for describing measured
deposition fraction (Eq. (7))

APM aerosol particle mass analyzer
B mechanical mobility
Cc Cunningham correction term
Cex exhaled particle concentration
Cin inhaled particle concentration
CPC condensation particle counter
D particle diffusivity
d particle diameter
DEP diesel exhaust particles
DF(d) size-resolved deposited fraction in the

respiratory tract
DFequip instrumental particle losses in RESPI
DMA differential mobility analyzer
dme particle electrical mobility equivalent

diameter
dpp primary particle diameter
EC elemental carbon
f breathing frequency
FVC forced vital capacity
GMD geometric mean diameter
k Boltzmann constant
K parameter fitted describing the mass–

mobility relation of the particles (Eq. (3))
m particle mass
magg mass of individual agglomerates
MV minute volume
N particle number

Nagg number of agglomerates
Npp number of primary particles
OC organic carbon
PAH polycyclic aromatic hydrocarbon
Q inhaled volume flow
s.d. standard deviation
SA surface area
SAagg surface area of individual agglomerates
SAsph surface area of spherical particles
SMPS scanning mobility particle sizer
t exposure time
T temperature
TC total carbon
TD thermo-denuder
TDFm total deposited fraction in the respiratory

tract with respect to particle mass
TDFN total deposited fraction in the respiratory

tract with respect to particle number
TDFSA total deposited fraction in the respiratory

tract with respect to particle surface area
TEM transmission electron microscopy
TEOM tapered element oscillating microbalance

instrument
VD instrumental dead space
VT tidal volume
Z kinematic viscosity of air
reff effective density
em mass–mobility exponent
rpp density of the primary particles
sg geometric standard deviation

J. Rissler et al. / Journal of Aerosol Science 48 (2012) 18–33 19
1. Introduction

Air pollution has been associated with a variety of adverse health effects (Pope & Dockery, 2006) and is believed to be
one of the major causes of premature deaths worldwide (Lopez et al., 2006). Particles emitted from combustion processes,
whereof diesel engines are a major contributor, are among the most common emissions in populated areas. Epidemio-
logical and toxicological studies have shown associations between diesel exhaust and adverse health effects (e.g. Hart
et al., 2009; Mills et al., 2007; Sydbom et al., 2001). Experimental exposure studies of humans have revealed that exposure
to dilute diesel exhaust induces a pronounced neutrophilic airway inflammation along with negative cardiovascular effects
in terms of reduced vasomotor function and impaired endogenous fibrinolysis (Salvi et al., 1999; Mills et al. 2005; Mills
et al., 2007; Barath et al., 2010). Whilst recent research efforts have provided a basis for better understanding of exposure,
deposition, uptake and kinetics, the mechanisms behind the health effects are far from fully understood.

The exhaust from diesel engines includes several air pollution components such as ultrafine soot particles, smaller
nucleation mode particles, nitrogen oxides, a range of organic compounds including polycyclic aromatic hydrocarbons
(PAHs) and oxy-PAHs, and metal emissions, all of which are believed to play an important role in the observed health
effects caused by ambient aerosols (Sydbom et al., 2001; Maricq, 2007). A key link between exposure to diesel emissions
and the health response is the respiratory tract deposition of inhaled particles. So far, respiratory tract deposition has
predominantly been investigated for spherical, hydrophobic and monodisperse particles, and only few experimental
studies have investigated the deposition of real-world aerosols, such as combustion exhaust particles, which may be
agglomerated, non-hydrophobic and almost always polydisperse (Maricq & Xu, 2004; Rissler et al., 2005, 2006).
Furthermore, more lung deposition data are needed as the large intra-subject variability is not captured by models
(Hofmann, 2011).

Measurements of respiratory tract deposition of aerosols emitted during combustion, other than tobacco smoke, are
scarce (Löndahl et al., 2008, 2009; Morawska et al., 2005). Löndahl et al. (2008, 2009) have shown that hygroscopicity
indeed alters particle lung deposition substantially. Morawska et al. (2005) examined deposition of particles from diesel
and petrol combustion in 14 healthy non-smoking young adults. The deposition partly deviated from model predictions
and hygroscopicity was suggested as the main explanation. Another suggested explanation was particle morphology. The
hygroscopic growth, chemical composition or effective density of the particles was, however, not provided in that study.
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Diesel exhaust particles (DEP) typically consist of two modes: a soot dominated accumulation mode with a geometric
mean diameter (GMD) of around 50–90 nm, and a smaller nucleation mode (Maricq, 2007). If, as in the present study, the
exhaust particles originate from combustion of a modern diesel fuel with low sulphur content, fresh diesel exhaust
particles are nearly hydrophobic (Weingartner et al., 1997, 2002). Other types of combustion-generated particles, such as
those from biomass combustion, may be highly hygroscopic (Rissler et al., 2005). When it comes to the toxicological effects
of DEP and to distinguish their chemical and physical properties, their volatile and non-volatile content, as well as
solubility, are important aspects (Giechaskiel et al., 2009). Another important property of fresh diesel exhaust particles is
that they most often are porous and highly agglomerated and aggregated (Maricq & Xu, 2004; Park et al., 2003).
Agglomerates and aggregates are in this publication referred to as agglomerates, including inter-particle bond energies
ranging from weak van-der Waals forces to stronger solid-state necks.

The particle size determination is often made using a Differential Mobility Analyzer (DMA). Despite the complex particle
shape of agglomerates, sizing of particles according to their mobility diameter (as when using a DMA) is expected to describe
the deposition probability in the respiratory tract for the size fraction where diffusion is the dominating deposition
mechanism (Schmid et al., 2008). Although the deposition due to diffusion may be modeled with reasonable accuracy using
the mobility equivalent diameters, the fractal nature of particles does introduce additional uncertainties into model
predictions (Hofmann, 2011). It was demonstrated in one study using a cast of a section of a human lung (generation 3–9)
that agglomerated particles have an increased deposition probability due to interception in regions where gas flow
undergoes transitions (Scheckman & McMurry, 2011). DEP mainly consists of particles below 400 nm which are, to a great
extent, expected to deposit in the pulmonary region (Alföldy et al., 2009). Hence, the deposition of an agglomerated aerosol,
such as diesel exhaust and many types of engineered nanoparticles, in the human lungs is still unclear.

Even if mobility diameter is argued to be a good measure of the size-dependent deposited fraction, it is far from a
complete metric for deposited surface area or mass dose, as pointed out in a modeling study by Broday & Rosenzweig
(2011). In order to estimate deposited surface area or mass dose from number size distributions measured by mobility
analyzers that incorporate DMA-techniques (SMPS, FMPS, EEPS, DMS, TDMA, etc.), more information such as particle shape
and the relationship between mobility diameter and agglomerate particle mass (effective density) is needed.

The objective of this research is to determine respiratory tract deposition in healthy humans of two different types of
DEP, and to compare this with previous deposition measurements of spherical particles, carried out using the same
methodology. The characterization of diluted exhaust particles with respect to agglomeration, effective density and
composition was also performed to enable a discussion of the relation between the determined respiratory tract
deposition and detailed physicochemical particle properties. Furthermore, an estimation of deposited mass is presented,
separated into volatile and non-volatile fractions. Finally, a model to estimate the surface area of the deposited
agglomerates from the measured deposition fraction and the physical characteristics of the particles is presented and
applied.
2. Methods

2.1. Particle respiratory tract deposition measurements

The respiratory tract deposition measurements were performed using a previously developed set-up (RESPI), which was
comprehensively described by Löndahl et al. (2006) and used in several previous studies (Löndahl et al., 2007, 2008, 2009).
Fig. 1 shows a schematic diagram of the set-up. The measurements were performed during normal tidal breathing through a
mouthpiece, wearing a nose clip, while sitting in a relaxed position. The breathing pattern was monitored on-line.

Briefly, the dry (o20% RH) particle size distribution was measured with a Scanning Mobility Particle Sizer (SMPS),
sampling alternately from the inhaled and exhaled air. The size range covered was 10–500 nm. The deposition fraction as
Duck valves

Flow meter

Exhale tank, 2 L

SMPS

Drier

Heated area to prevent 
condensation

Particle inlet

Particle outlet

Fig. 1. Schematic diagram of the RESPI set-up. The inhaled air is drawn from the particle inlet, connected to the exposure chamber. Exhaled air is directed

by one-way duck valves into the exhale tank.
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a function of particle diameter (DFmeas) was determined by comparing the particle number concentration in each size bin
from the SMPS of exhaled vs. inhaled air (Fig. 1).

To estimate the true size-resolved deposited fraction (DF(dme)), corrections to DFmeas were made for (i) instrumental
particle losses, DFequip, (Löndahl et al., 2006), and (ii) instrumental dead space, VD, (Gebhart et al., 1989; Löndahl et al.,
2007). These corrections were made individually for each subject and each session as they depend on the breathing pattern
according to

DFðdmeÞ ¼
VT

VT�VD
1�

CexðdmeÞ

CinðdmeÞð1�DFequipðdmeÞÞ

� �
ð1Þ

where VT is the tidal volume, dme electrical mobility particle equivalent diameter, Cin measured inhaled particle
concentration, and Cex measured exhaled particle concentration.
2.1.1. Measurement procedure

The measurements were performed on two different types of diluted diesel exhaust, one generated during idling and
one during transient engine running conditions. These are described further in Sections 2.3 and 3.1. Each measurement
session consisted of three exposure periods: one 3-min test period during which the subject became familiarized with the
set-up and the equipment was checked, followed by two 15-min periods during which the deposition was measured. The
same procedure was repeated for the two types of diesel exhaust for each subject, although on different days.
2.2. Subjects

The subjects participating in the study were 10 healthy volunteers (5 men and 5 women), aged 23–45. All were non-
smokers with normal lung function (480% of predicted, see appendix, Table A1). Age, sex, breathing parameters and lung
function of the individual subjects are provided in Table A1. Average values and standard deviations (s.d.) are given in
Table 1. One of the male subjects was excluded from the evaluation as his breathing pattern (f¼4.5 breaths/min, VT¼2.5 L)
was considered forced. The study protocol was approved by the local ethics committee and an informed written consent
was obtained from all subjects.

SPSS (SPSS Inc., IBM Corporation, version 19) was used to carry out the statistical analysis. The correlation analysis was
calculated with Pearson’s product moment and significances of differences between means were calculated with Student’s
t-test. The significances considered were at the 0.05 or 0.01 levels.
2.3. Aerosol generation and measurement conditions

Subjects were exposed to DEP generated by a diesel engine (Volvo TD40 GJE, 4.0 L, four cylinders, 1996) with no
exhaust after-treatment, operated on a Volvo standard diesel fuel (SD-VSD-10). The specification of the Volvo diesel fuel is
similar to the European automotive standard diesel (EN590) with a sulfur content of 5–7 mg/kg and PAH content of 2–6%
by mass. The engine was operated in a motor test bench with a computer-controlled engine dynamometer that enabled
simulation of the two experimental engine running conditions: idling and transient. Transient operating conditions (i.e.
varying load and speed) were constituted according to the standardized test protocol of the urban part of the European
Transient Cycle (Barath et al., 2010). A partial exhaust flow was selected and diluted in two steps with clean air in a
procedure to mimic ambient conditions, and thereafter introduced into a human exposure chamber from where the
subsequent sampling to the RESPI set-up was performed. The primary dilution ratio was 10–15 times by introducing the
partial exhaust flow, driven by overpressure, in a mixing/residence chamber (L¼600 mm, D¼60 mm) that enabled a
residence time of 1–3 s before the second dilution step. A total dilution ratio (i.e. raw exhaust gas to chamber) was
approximately 100–150 times during idling conditions and 200–450 times during the transient cycle. The condition in the
chamber was continuously monitored in terms of temperature, CO and NOx gases, as well as particle (PM10) mass
concentration. The set-up and test procedures are further described in detail elsewhere (Barath et al., 2010; Lucking et al.,
2011).
Table 1
Values in parentheses are percent of predicted value (pp). VT denotes tidal volume, f breathing frequency, VC vital capacity and FEV1 forced expiratory

volume in the first second of exhalation. VT and f were measured during the RESPI measurements.

Subject Gender Age Height Weight VT f VC (pp) FEV1 (pp)

(M/F) (yr) (cm) (kg) (L) (min�1) (L) (L)

Mean 4/5 31.6 170 65.5 0.86 10.3 4.67(109) 3.98(109)

s.d. 8.4 10 7.9 0.34 3.6 1.1(13) 1.1(12)
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2.4. Aerosol characterization

2.4.1. Mass concentration and carbon analysis

The mass concentration of the diluted DEP in the chamber was monitored by an on-line Tapered Element Oscillating
Microbalance instrument (TEOM 1400) operated at 50 1C and equipped with a PM10 inlet. In addition, standard filter
sampling for the gravimetrical determination of PM10 mass concentration was performed. The carbonaceous material in
the diluted DEP in the chamber was characterized in terms of organic carbon (OC) and elemental carbon (EC). Samples for
the OC/EC analysis was taken during the RESPI campaign using quartz and teflonþquartz filters in parallel (Wierzbicka
et al., 2005) and subsequently analyzed using a thermal–optical carbon analysis method (NIOSH 5040).
2.4.2. Particle number size distribution

The particle number size distribution was measured using an SMPS built into the RESPI. It consisted of a bipolar
charger, a custom built Differential Mobility Analyzer (DMA) of Vienna type (length 28 cm, inner/outer radius 25/32.4 mm,
aerosol flow rate 1 l/min and sheath flow rate 10 l/min) covering the particle size range of 10–500 nm. The SMPS (and
other mobility analyzers such as FMPS and DMS500) characterizes the particles according to their electrical mobility
diameter.
2.4.3. Particle morphology, effective density and volatility

To allow conversion of the particle number size distributions measured by the SMPS into mass size distributions,
information about particle effective density is required. Accordingly, the particle effective density is needed to determine
the mass dose to the lung. This is crucial for porous agglomerated particles, such as fresh emissions from diesel exhaust for
which the particle effective densities can vary considerably within the size range of emitted DEP (Rissler et al., submitted
for publication; Park et al., 2003).

The effective density (reff) of a particle is defined as the particle mass (magg) per volume unit, assuming that the
diameter of the particle is equal to the mobility diameter (dme) measured by the DMA:

ref f ¼magg=ðpd3
me=6Þ: ð2Þ

Characterization of the particle effective density was performed using the DMA–Aerosol Particle Mass Analyzer (DMA–
APM), further described in McMurry et al. (2002). In the DMA–APM system, the mass of individual particles is measured by
the APM after being selected according to their mobility diameter by a DMA. In the set-up, a long column DMA (TSI,
Shoreview, MN), operating at an aerosol flow rate of 0.8 l/min and a sheath flow rate of 6 l/min, and an APM model 3600
(Kanomax Japan), operating at an aerosol flow rate of 0.8 l/min, were used. Before being selected by the DMA, the particle
passed through a (63Ni) bipolar charger (or neutralizer) resulting in an equilibrium charge distribution. During the
experiments, particles of dme between 50 and 450 nm were characterized. A schematic diagram of the set-up is shown in
Fig. 2. The measured effective densities were corrected using Poly Styrene Latex (PSL) density standards (Duke Scientific
Corp., USA), as described in McMurry et al. (2002). A specially written APM program was used for DAQ, since the number
concentrations were too low for the original DAQ program provided by the Kanomax.

For agglomerates formed in diffusion limited processes, the relation between magg and dme has been shown in several
previous studies (Park et al., 2003; Maricq & Xu, 2004; Olfert et al., 2007; Pagels et al., 2009; Malik et al., 2011a) to be well
To pump

DMA

CPC

Aerosol in

APM

Thermo-denuder

Fig. 2. Schematic diagram of the DMA–APM set-up. The set-up is used for measuring particle effective density of agglomerates and volatile mass fraction

on-line. Particles with a single dme are selected with the DMA and thereafter their mass is measured by the APM. A thermo-denuder is used to determine

the volatile mass fraction.
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described by a power law function according to

magg ¼ Kdem

me ð3Þ

where the exponent, em, is referred to as the mass–mobility exponent. Here em is used only to describe the mass–mobility
relation over the size distribution and not as a fundamental fractal dimension (Sorensen, 2011). For distributions where
magg can be well described by a power law function, so can the particle effective density.

By operating a thermo-denuder (TD) in series in between the DMA and the APM, and by scanning alternately through
the TD and bypassing it, the mass fraction of volatile material for agglomerates of a given dme was determined (Sakurai
et al., 2003b; Malik et al., 2011b). The TD (stainless steel tube with inner diameter of 31 mm, about 300 mm long) was
operated to 300 1C. More details about the set-up and data reduction techniques are given in Rissler et al. (submitted for
publication).

Particles were collected during both operating modes on carbon coated copper grids with a diameter of 3 mm by using
an electrostatic precipitator (NAS Model 3089, TSI Inc.) for subsequent analysis by High-Resolution Transmission Electron
Microscopy (HR-TEM) (60 KeV PHILIPS CM10). Primary particle size (dpp) was analyzed manually using the software
‘‘ImageJ’’ (Image Processing and Analysis in Java). For each type of running conditions, �150 primary particles were sized
from randomly selected aggregates.

2.4.4. Particle restructuring

One critical issue for the respiratory tract deposition measurements with polydisperse aerosols is whether the
agglomerates restructure in the lungs when humidified and heated to 37 1C (Löndahl et al., 2006). If restructuring occurs
between the inhalation and exhalation tank, the mobility diameter of a given particle is altered, which will lead to
misinterpretation of the deposition pattern. To test the behavior of the soot agglomerates particles of one dme (20–300 nm)
at a time were selected in a DMA and thereafter heated to 45 1C or exposed to RH495%. The aerosol was then equilibrated
at ambient temperature and dry conditions before the imposed change in dme was quantified by an SMPS.

Upon humidification, the particles showed no sign of restructuring. This is consistent with observations by Pagels et al.
(2009) who showed that soot coated with hydrophilic substances restructured at elevated RH at subsaturation, while fresh
hydrophobic soot did not. Fresh diesel soot produced from diesel fuels of a higher sulphur content than in this study might
be coated by a thin hygroscopic layer and thus restructure upon humidification. During the transient mode, no evaporation
or restructuring occurred at 45 1C, whereas shrinkage of at most �3% in diameter was observed for particles smaller than
50 nm during idling. This was not considered any major problem for the RESPI measurements.

2.5. Total deposited number, surface area and mass (volatile and non-volatile)

From the measured size-dependent deposition probability the total deposited fraction (TDF) of the whole particle size
distribution was determined with respect to number (N), surface area (SA), and mass (m). The TDF strongly depends on the
size-dependent deposition probabilities and the moment of the particle size distribution considered (N, SA or m). How
surface area size distributions and mass size distributions are calculated from SMPS data is described later in this section,
where a new method to estimate SA is suggested. From the TDF, the deposited dose (by number, surface area, or mass) to
the lung is calculated as

Dose¼ TDFUCinUtUQ ð4Þ

where Cin is inhaled concentration by number, surface area or mass, t is exposure time and Q inhaled volume flow.
Furthermore, the deposited dose was determined for a supposed mass concentration level of 1 mg/m3 and an exposure
time of 1 h, based on the deposition patterns, particle number size distributions and inhalation flow rates found in
this study.

The mass size distributions and total mass concentrations were calculated from the measured SMPS number
distributions using the particle effective densities from the DMA–APM. The mass size distributions, and mass doses,
were separated into volatile and non-volatile mass fractions using the volatile fraction over size according to the DMA–
TD–APM measurements.

In this study, a new model for estimation of the deposited surface area of the agglomerates (SAagg) is proposed, applied
and compared to the surface area estimated under the assumption that the particles are spherical. The model requires the
following input:
(i)
 mass of the individual agglomerates as a function of mobility diameter magg(dme),

(ii)
 primary particle size (dpp), and
(iii)
 particle number size distribution (dNagg/d log dme).
In this study, magg(dme) was measured by the DMA–APM system, dpp by TEM image analysis and dNagg/d log dme by
the SMPS.

The number of primary particles composing the agglomerates (Npp) was estimated from magg(dme) and dpp, assuming
that the density of the primary particles (rpp) was 1.8 g/cm3 (Mullins & Williams, 1987; Dobbins, 2002; Park et al., 2004)
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and that the point of contact between the primaries in the agglomerate was infinitesimal. The number of primary particles
in an agglomerate of a given dme is then given by (Bladh et al., 2011; Rissler et al., submitted for publication)

NppðdmeÞ ¼
maggðdmeÞ

mpp

� �
¼

maggðdmeÞ

rppUðpd3
pp=6Þ

 !
ð5Þ

where mpp is the mass of one primary particle. Thereafter the total number of primary particles composing all aggregates
of a specific dme (Npp in an agglomerate multiplied by Nagg) was calculated using measured dNagg/d log dme. The principle of
the model is shown in Fig. 3. Thus, the surface area of individual agglomerates is given by (combining Eqs. (3) and (5))

SAaggðdmeÞ ¼NppðdmeÞSApp ¼maggðdmeÞ=mppSApp ¼
6Kdem

me

rppdpp
: ð6Þ

where SApp is the surface area of one primary particle. The last step is true only if the mass can be described by a power
function. If so, SA is proportional to dem

me, while for spherical particles to d2
me. Note that an error in dpp results in an error in

SAagg proportional to 1/dpp. Inherent in the model is that, for aggregates where the mass–mobility relation can be described
by a power law function, the surface area per mass unit is constant over size and determined solely by rpp and dpp (see
Eqs. (3) and (6)).

The surface area model was also applied in the study of gold agglomerates by Messing et al. (in press).

3. Results and discussion

3.1. Aerosol properties

3.1.1. Mass concentration and chemical composition

The mass concentration of DEP in the chamber, measured by the TEOM, was (71 s.d.) 30072 mg/m3 during transient
engine running conditions and 5975 mg/m3 during the idling conditions. Corresponding data from the filter measure-
ments were 266732 mg/m3 and 64714 mg/m3, respectively. During transient engine running conditions the carbon
analysis showed an OC/TC ratio of 11%, while a higher organic fraction of 43% was found during idling conditions.

3.1.2. Particle size distributions

The size distributions could be well described by lognormal functions (Hinds, 1999, Eq. (4.41)). The particle number
size distribution generated in the chamber during the transient cycle was unimodal and consisted of an accumulation
mode with a geometric mean mobility diameter (GMD) of �88 nm, with a geometric standard deviation (sg) of 1.97. Two
modes were found for the idling aerosol: a nucleation mode with a fitted GMD of �16 nm and sg of 1.52, and an
accumulation mode with a GMD of 75 nm and sg of 1.98. The modal ratio with respect to number was �0.5. All fitted
GMDs and sg are presented in Table 2 and the particle number size distributions are shown in Fig. 4. For both aerosols, the
accumulation mode was stable in concentration and size, while the nucleation mode, present during idling, showed a
higher variability. The total number concentration during the transient cycle was on average �222,000 cm�3 (relative s.d.
6%) and during idling �82,000 cm�3 (relative s.d. 27%); and if normalized to number concentration per 1 mg, it was
1560�106 and 2250�106 particles, respectively.

Our results are consistent with several previous studies showing that the particles in diesel exhaust emissions generally
are dominated by an accumulation mode composed of agglomerated soot particles formed at higher temperatures during
incomplete combustion in the engine. At lower exhaust temperatures, volatile compounds (mostly organics) either



Table 2
Number size distributions were measured using the SMPS and mass size distributions derived from SMPS and DMA–APM data. Surface area distributions

were modeled (see Section 2.5). Values in parentheses are only shown for comparison and are based on assuming spherical particles. For surface area and

mass size distributions, the nucleation mode particles were insignificant. During idling, the number fraction of the nucleation mode was 0.49. For SAagg

values in paranthesis.

Transient Idling

Number distribution Nucl mode GMD (nm) – 16

sg – 1.52

Acc. mode GMD (nm) 88 75

sg 1.97 1.98

Number per 1 mg 1560 �106 2250 �106

Surface area distribution GMD (nm) 219 (192) 230 (170)

sg 1.81 1.87

SAagg per 1 g (m2) 152 (78) 86 (51)

Mass distribution GMD (nm) 219 (274) 230 (288)

sg 1.81 2.00

Volatile mass per 1 mg (mg) 0.06 0.23
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nucleate to form a nucleation mode of volatile particles or condense onto the soot agglomerated to yield a coating of
organic compounds (Sakurai et al., 2003a,b; Maricq, 2007). The formation of a nucleation mode is very sensitive to engine
operating and exhaust dilution conditions (Maricq, 2007). This is typically valid for heavy duty diesel engines with no
diesel particulate filters and fuel with low sulphur content.

The mass size distribution spectra were based on measured number size distribution and DMA–APM data, and the
surface area distribution estimated according to the model presented in this paper. Fitted distribution parameters are
presented in Table 2. For comparison, the corresponding parameters assuming spherical particles are presented. The shift
in GMD going from number to surface area or mass is determined by the exponential used for dme (d2 for spheres when
estimating surface area distributions and d3 when estimating mass [Hinds, 1999, Eq. (4.49)]). For agglomerates for which
the mass–mobility relation can be described by a power law function (Eq. 3), both mass and surface area are proportional
to dem (Eq. 6) resulting in identical GMDs for both surface area and mass size distributions, according to our model.

The surface area was determined to 152 m2/g during transient and 86 m2/g during idling, estimated by the semi-
empirical model here suggested. The data is presented in Table 2. Surface area values assuming spherical particles are also
presented. These values are normalized to the same mass as SAagg. Normalizing with the mass estimated from the SMPS
data, assuming spherical particles, results in even lower surface area concentrations.

Another frequently used surface area metric is BET (Brunauer, Emmett, and Teller). For heavy-duty engine emissions,
NIST (US National Institute of Standards and Technology) reports a particle surface area of 108 m2/g (NIST 1650b, 2006),
for samples outgassed in vacuum at 120 1C, which is similar to that reported here. The disadvantages with the BET method
are that the method is offline, requires a large sample (410 mg), volatile material might be lost, and it gives no size-
resolved information. There are also arguments that the BET method underestimates surface area due to agglomeration on
the filter (Giechaskiel et al., 2009).

The ‘‘active’’ surface area can also be determined using a diffusion charger (DC). One advantage with this method is that
the DC is a relatively cheap instrument with high time resolution, and that the measurement does not require any off-line



Fig. 5. TEM image of a typical agglomerate. The particle was collected during transient running conditions.
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info from for example TEM (Ntziachristos et al. Giechaskiel et al., 2009). The disadvantage with the DC method is that the
active surface area does not have physically correct size dependence for a surface area measurement even for spheres (for
DC method typically proportional to dme

1.4
at 100–200 nm) and relies on careful calibration in the relevant particle size

range. Another commonly used online monitor is the NSAM (Asbach et al., 2009) which measures the lung deposited
surface area particle concentration. This has been shown up to about 300 nm for spheres but remains to be shown for
agglomerates.
3.1.3. Particle morphology and volatility

TEM images revealed agglomerated particles (Fig. 5). The DMA–APM measurements also showed that both types of DEP
had decreasing effective densities with increasing dme (Fig. 4), which is typical for agglomerated particles. These ranged
from �1 g/cm3 for the smallest particles measured (dme 50 nm) down to 0.26 and 0.47 g/cm3 for particles of 366 nm for
transient cycle and idling, respectively.

For particles generated during the transient cycle, the mass–mobility relation over size could be well described by one
exponent, determined to 2.35 (K¼9.21, if the units are in meter [m] and gram [g]. K is given in Eq. (3)). This is similar to
observations made previously in studies employing diesel exhaust, as well as for flame soot generators (Park et al., 2003;
Maricq & Xu, 2004; Olfert et al., 2007; Malik et al., 2011a). The mass–mobility exponents reported by Park et al. (2003) for
a John Deere engine, at 10–75% load, measured using the DMA–APM technique were 2.33–2.41 with effective densities
ranging from 1.20 g/cm3 for 50 nm particles down to 0.30 for 300 nm particles.

The volatility measurements showed that during the transient cycle, on average, �6% of the mass of the agglomerates
was volatile at 300 1C. The volatile fraction was relatively constant over the whole size range covered (ranging from 5–8%)
with no trend of increasing or decreasing volatility over size. This result, together with the dominating EC fraction
determined by the filter measurements (as given in Section 3.1.1.), strongly supports the suggestion that the DEP during
the transient engine conditions were composed of a typical soot dominated mode of agglomerates.

During idling, the exhaust particles covered by the DMA–APM measurements could not be well described by one mass–
mobility exponent. This is presumably explained by a higher amount of organics found during idling conditions, indicating
that the particles were not pure soot agglomerates, which was confirmed by the OC/EC analysis. When heated to 300 1C,
the volatile mass fraction of the DEP formed during idling engine conditions was strongly size-dependent, ranging from
38% for the 50 nm particles to 12% for the 450 nm particles. 50 nm is the lower mass limit of the DMA–APM used for soot
particles. The DMA–APM measurements do not cover the nucleation mode. At 50 nm only 3% of the size distribution
belongs to the nucleation mode.

Also during idling, the accumulation mode showed decreasing effective densities over size, indicating that the particles
were agglomerates, in line with the results from transient engine conditions. However, compared to particles formed
during the transient running conditions, the accumulation mode had higher effective densities and contained more volatile
matter. This is caused by a higher concentration of emitted volatile compounds during idling compared to the transient
cycle, which results in both nucleation and a higher degree of condensed volatile material onto the accumulation mode
particles (Sakurai et al., 2003a).

Coagulation of nucleation mode particles onto the soot structures and concentration dependent partitioning in the
mixing/exposure chamber (i.e. after the second dilution step) cannot be excluded. However, APM measurements
performed during idling engine conditions at both 50 mg/m3 and 300 mg/m3 showed no significant difference in the
amount of volatile matter as a function of size, indicating that such effects are small. More details about the DMA–APM
data set are found in Rissler et al. (submitted for publication).

These observations are in full agreement with the general consensus of DEP characteristics: that the fine particle
fraction consists of an accumulation mode, composed of fractal-like soot agglomerates with more or less condensed
organic material on the surface (Kittelson, 1998; Maricq, 2007), and to a varying degree nucleation mode particles,
composed of volatile organics and/or sulphuric acid (from the fuel or lubricant oils). TEM images confirmed that the
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accumulation mode particles mainly consisted of agglomerated soot particles. The primary particle size was determined to
22 nm (77 nm) for the transient driving cycle and 28 nm (711 nm) during idling.
3.2. Respiratory tract deposition

3.2.1. Size-dependent deposited fraction and parameterization

The particle deposition patterns (DF(d)) in the human respiratory tract of two different types of DEP were measured in 9
healthy subjects during spontaneous breathing. The resulting average deposition pattern is shown in Figs. 6 and 7, also
showing the standard deviation (s.d.). Individual deposition patterns for each subject are found in the supplemental
information in the appendix.

Each individual subject had similar deposition patterns for both types of DEP. For each type of DEP two deposition
measurements were performed on the subjects. The mean difference in DF(dme) for each subject of the two measurements
of the same type of DEP was 70.03, averaged over the size interval measured, which was the same difference found for
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droplets (DEHS) from Löndahl et al. (2007) is plotted.



J. Rissler et al. / Journal of Aerosol Science 48 (2012) 18–3328
each subject between the two DEP types. The inter-subject variability was larger with a standard deviation of 0.08,
averaged over the size interval measured. The largest observed inter-subject difference in DF(dme) was 0.33 (occurring
�70 nm for both DEP exposures).

The average lung deposition pattern was parameterized by fitting a four parameter function to the data:

DFðdmeÞ ¼ akþbkdme�
1

ckðCc=dmeÞ
dkþ1

ð7Þ

where ak, bk, ck and dk are the fitted parameters and Cc the Cunningham correction term. The parameters are ak: 0.924, bk:
0.25, ck: 0.0658, and dk: 0.76. For illustration, the resulting measured deposition pattern after converting dme to volume
equivalent diameter is shown in Fig. 6.

3.2.2. Effect of agglomeration state on deposited fraction

From the particle characterization using the DMA–APM system, it was shown that the particles produced during the
transient cycle were highly agglomerated and could be described by one mass–mobility exponent, while those produced
during idling had higher effective densities and could not be described by a power law function (Fig. 3). This difference in
particle agglomeration state between the two types of DEP did not appear to affect the lung deposition pattern for particles
of the same mobility diameter, shown in Fig. 6.

This was further confirmed when comparing the deposition patterns found in this study with those found in a previous
study of spherical oil droplets (Löndahl et al., 2007), shown in Fig. 7. In Löndahl et al. (2007), tidal volumes and breathing
frequencies, 71 s.d., were 0.7270.15 L and 12.472.3 min�1 respectively (compare with Table 1).

The dominating deposition mechanism in the respiratory tract of particles below 500 nm is diffusion. Deposition by
diffusion is governed by the particle diffusivity (D), which can be related to mechanical mobility (B) and mobility
equivalent diameter through Stokes–Einstein equation and Stoke’s Law:

D¼ kBT ¼
3kTZdme

CcðdmeÞ
ð8Þ

where k is the Boltzmann constant, Z is kinematic viscosity of air, Cc is the Cunningham correction term and T is
temperature. This means that dme can be written as a function of diffusivity, which implies that particle size as dme is the
relevant equivalent diameter describing deposition of particles in the respiratory tract—when diffusion is the dominating
deposition mechanism. Thus, in the diffusion-dominated regime, the deposition fraction as a function of dme is
independent of shape and density, as confirmed by the present results.

An increased deposition due to interception could occur because of the large physical size of the agglomerate, as shown
by Scheckman & McMurry (2011). Their study used a silicone rubber lung cast prepared from the airways from a 64-year
old lung donor, while in our study the lungs of 9 healthy volunteers were used. The cast used by Scheckman & McMurry
(2011) simulated only lung generation 3–9. With a simulated inspiratory flow rate of 8 l/min (compared to 9 in this study)
using agglomerates with em¼2.4 and dpp¼35 nm, they found a slight increase in the deposition fraction from about 0.03 to
0.04 in the cast. The majority of 50–500 nm particles that deposit in the respiratory tract, deposit in the pulmonary region,
which means that our results on DF are dominated by the pulmonary region. Thus, our and Scheckman and McMurry’s
results may not be in disagreement.

One issue when characterizing agglomerates using the SMPS is the possible alignment of the agglomerates (Zelenyuk &
Imre, 2007) in the electrical field of the DMA (the size selection part in the SMPS). This would result in an underestimation
of dme and requires further investigation for DEP.

3.2.3. Total deposited fraction

The total deposited fractions of the two particle size distributions were determined for each test subject from DF(dme)
(Table A2). The average TDFs for number, surface area and mass are presented in Table 3a. Surface area was calculated
using both the model for agglomerates presented here (agglomerates with point contact between the primary particles),
and assuming spherical particles. The total deposited number fraction (71 s.d.) for particles formed under transient
running conditions was 0.4770.10 and for idling 0.6570.07. The difference in TDF between the two types of DEP is
explained by the shift in size distribution towards larger sizes for the transient cycle, thereby peaking closer to the
minimum in the DF(dme) curve than particles formed during idling.

In comparison to Morawska et al. (2005), the deposition fraction found in the present study was higher for small
particles (o150 nm) and lower for large particles (150–500 nm). By particle number, the total deposition fraction reported
here is higher than that reported in Morawska et al. (2005) (0.30). However, TDF is strongly dependent on particles size
distribution and part of the difference is explained by differences in particle number size distributions. Furthermore, there
were several differences in the studies, such as nose/mouth breathing, subject breathing frequency (significantly higher in
Morawska et al., 2005), and last but not the least in sampling systems.

The differences were minor between the two engine running conditions when comparing the total deposited fraction
for surface area or mass. The reason is that the nucleation mode plays a less important role for the deposited SA and m than
for number. The TDF during transient and idling engine conditions was, for SAagg 0.27 and 0.30, respectively, and for mass



Table 3
The total deposited fraction and dose to the lungs. (a) The total deposited fraction with respect to number, surface area, and mass of particles generated

during idling and transient cycles. The deposited fraction of the volatile mass (at 300 1C) is also given. (b) The lung deposited number (N), surface area

(SA) and mass (m) per 1 mg/m3 and during 1 h exposure. Surface area is calculated using two approximations: spherical particles (sph) or agglomerates

(agg) of primaries joint with point contact.

(a) Total deposited fraction (TDF)

TDFN TDFSAsph TDFSAagg TDFm TDFvolatile, m

Transient 0.4770.10 0.2970.08 0.2770.07 0.2770.07 0.2770.07

Idling 0.6570.07 0.3270.07 0.3070.06 0.2870.06 0.3270.07

(b) Deposited dose per 1 lg/m3 and hour

N ( . 106) SAsph (mm2) SAagg (mm2) Mass (lg) Volatile mass (lg)
Transient 3637104 11.473.8 20.177.1 0.13470.048 0.008370.0029

Idling 7287155 8.372.5 12.973.8 0.14070.044 0.03670.011
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0.27 and 0.28, respectively. All results given in Table 3 are based on the measured deposition patterns, along with the
particle size distributions presented in Table 2.

Determination of particle mass size distributions and the total mass deposition fraction (TDFm), or dose, from number
size distributions measured with a DMA (classifying particles according to dme) is always based on an assumption of
particle effective density. For agglomerated particles, which typically have strongly decreasing effective density with
particle size, the assumption that the particle effective density is constant over size will lead to a mass size distribution
shifted towards larger sizes, and higher absolute mass concentrations, than when fully accounting for agglomerated
particles. Assuming spherical particles would result in an underestimation of the total deposition fraction by mass, TDFm,
of �10%. This relatively small effect of effective density can be explained by the size distribution that, in this study, peaks
at the minimum in the deposition fraction curve (Fig. 6) making the TDFm less sensitive to a shift in size.

3.2.4. Total deposited dose (by number, surface area and mass)

The deposited dose (71 s.d.) (i.e. the total amount of particles deposited) are presented in Table 3b for both aerosols.
The dose was normalized to a mass concentration level of 1 mg/m3 and one hour of exposure.

The largest observed difference between idling and transient driving conditions was the dose by particle number, with
a two times higher dose during idling than during transient driving conditions. As for TDFN, this was due to the nucleation
mode being present in the exhaust from the idling engine, for which the deposition probability is high (Fig. 4). In general,
persons with a high TDF also received a high total dose, with some exception due to the inhaled volume.

For the transient cycle aerosol, the surface area dose was determined to 20.1 mm2 (77.1) (per mg/m3 and hour) and for
the idling aerosol 12.9 mm2 (73.8). Values in parenthesis are 1 s.d. The mass dose was very similar for both driving
conditions (0.14 mg [70.04] during transient cycle compared to 0.13 mg [70.05] during idling). The mass was dominated by
soot. However, during idling a considerable fraction was volatile (at 300 1C), 26%, whilst during the transient cycle only 6%
(using the DMA–TD–APM method). The volatile mass dose is given in Table 3b. In this study, most of the compounds volatile
at 300 1C are likely to be organic. Separating the effects of organics and non-soluble particulates in such a manner was
suggested and discussed in Giechaskiel et al. (2009). Note that the total deposited number of particles was higher during
idling than during the transient cycle, while the modeled deposited surface area was 36% lower during idling.

The absolute surface area dose is much more sensitive to the agglomeration state than the TDFSA (see Table 3). Two
values for the deposited surface area are given in Table 3. These were calculated using two different assumptions: (i) that
the particles were spherical (SAsph) or, (ii) that the particles were agglomerates composed of equally-sized primary
particles joined together at an infinitively small area (SAagg). Since TEM images and DMA–APM measurements clearly show
that the particles were of an agglomerate structure, the assumption of spherical particles is obviously erroneous and would
lead to an underestimation of the total deposited surface area by 36–43% (highest value referring to transient running
conditions). However, TEM images also show a considerable necking between the primaries. Assuming that the contact
areas between the primary particles are infinitively small will lead to an overestimation of the deposited surface area. The
true surface area probably lies in between the two extremes: SAsph and SAagg. For particles emitted during transient driving,
the latter approximation is probably closer to reality, while the particles formed during idling were more compact due to
the higher degree of coating with volatile material. If the agglomerates break up into primary particles when deposited in
the lung fluid (Rothenbacher et al., 2008), the agglomerate assumption would be close to the true surface area. As a next
step for improving the surface area model, necking between primary particles will be considered.

Lall et al. (2008) have previously suggested that the surface area could be estimated from information on the individual
primary particles composing the agglomerates, and their model was applied for lung deposition predictions by Wang &
Friedlander (2007). In that model, the estimate of the number of primaries in each agglomerate particle was determined
from measured mobility distributions, assuming that the drag force on the agglomerates was determined by the sum of
the drag forces on each primary particle in the agglomerate, neglecting the shielding effect by neighboring primary
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particles. Neglecting the effect of shielding will likely lead to an underestimation of Npp, especially for larger agglomerates.
In Lall et al. (2008) the same assumption of infinitesimal point of contact between the primaries is used. Applying the
model using Npp from DMA–APM data should improve the accuracy of the deposited surface area.

The mass dose is very sensitive to the particle effective density when estimated from SMPS number size distributions.
Assuming that the particles were spherical and composed of pure soot (density of �2 g/cm3) would result in
overestimating the dose by 70–170%. In this study the particle effective densities were measured, and no assumption
regarding density was needed.

3.2.5. Inter-subject variability

There was considerable variability in TDF and deposited dose between the individual subjects. The highest dose a
subject received was twice as high as that of the subject with the lowest dose, with respect to number (�103% higher
during idling and 107% during transient). For surface area and mass, the difference was even larger. The corresponding
numbers were 140% for idling and 144% for transient (average for both DEP types). The large inter-subject variability that
was found in the study strengthens the idea that some people are more susceptible to ambient ultrafine particles than
others (Chalupa et al., 2004; Löndahl et al., 2007).

Associations were found between total deposited number fraction, tidal volume, and breathing frequency for the idling
aerosol, showing an increasing TDFN with increasing VT (r¼0.840, po0.01) and a decreasing TDFN with increasing f (r¼�0.774,
po0.05). Even though no significant associations between TDF and breathing patterns were found for the transient driving cycle,
the trends were the same as during idling. Similar relationships between total deposition and tidal volume, and deposition and
breathing frequency have been found in previous studies (Jaques & Kim, 2000; Kim & Jaques, 2005; Heyder et al., 1975; Brand
et al., 2000; Tu & Knutson, 1984). In this study, no significant correlations between lung function and TDF were found.

A significant positive association was found between forced vital capacity (FVC) and deposited dose by number (r¼0.806,
significant at the 0.01 level) for the idling aerosol. For the idling aerosol, the deposited number of particles also correlated with
minute volume (MV) (r¼0.891, po0.01) and FEV1 (r¼0.73, po0.05). The deposited number of particles during both idling and
the transient running cycle correlated with VT (for idling r¼0.739, po0.05, for transient r¼0.725, po0.05).

For surface dose, associations were found with VT (r¼0.697, po0.05) and MV (r¼0.672, po0.05) during idling engine
conditions and with VT (r¼0.669, po0.05) for transient running conditions. For the idling aerosol, the deposited mass dose
also correlated with VT (r¼0.685, po0.05). In some earlier studies, inter-subject variability has been deduced to
differences in lung morphology (Heyder et al., 1982).

There was a significant difference between the idling and transient cycle for TDFN (po0.001), for absolute surface area dose
(po0.05), and mass dose (po0.0001). For the individual test subjects, the TDFN during idling and transient running cycle
correlated well with r¼0.906 (po0.01). That is to say that a subject with a high deposition during idling also had a high
deposition during the transient cycle. The deposition patterns of all individuals are presented in the appendix, Table A1.

3.2.6. Implications for health effects

Experimental human exposure-studies have been performed in the same exposure chamber employing diesel exhaust
generated during both idling and the transient driving conditions and were evaluated with respect to cardiovascular and
respiratory endpoints. For both driving conditions, similar effects on vasomotor function and endogenous fibrinolysis have been
shown in a number of studies (Mills et al., 2005; Törnqvist et al., 2007; Barath et al., 2010; Lucking et al., 2011). When it comes to
respiratory effects of diesel exhaust generated during idling and transient driving, so far only one study has been performed using
the transient driving condition. It showed that the airway inflammatory response may be less pronounced compared with after
idling (Salvi et al., 1999; Sehlstedt et al., 2010). It is plausible that differences in particle deposition and the characteristics
investigated in this study (size, morphology, volatile vs. core mass fraction, etc.) may be one among several possible explanations
behind similarities and differences in cardio-respiratory responses. The deposited dose by number was higher during idling than
during the transient running condition, as was the volatile organic fraction (containing a small fraction PAHs). The deposited
surface area was, on the contrary, lower during idling while mass doses were similar. However, in the human exposure studies for
idling engine, two different engines have been used and therefore this will need further evaluation.

4. Summary and conclusion

Diesel emissions constitute a large part of the vehicle-generated ambient aerosol in cities. To be able to understand
what role diesel particulate emissions play, it is important to predict the actual dose of diesel particles deposited in the
human respiratory tract with respect to number, surface area and mass.

In this study, human respiratory tract deposition fractions over the size interval of 10–500 nm were determined for two
types of diesel exhaust particles: those formed during idling and transient engine running conditions. The mass dose was
estimated by combining the deposition fraction pattern with the number size distribution and the mass of the individual
agglomerates, measured by a DMA–APM set-up. A model for estimating surface area of the deposited agglomerates was
suggested and applied. Furthermore, the mass dose was separated into the physical dose and the chemical dose (Table 3)
using volatile mass fractions of the particles at 300 1C (Giechaskiel et al., 2009).

A large inter-subject variability was observed with some subjects receiving a dose that was twice as high as the dose of
others when exposed to the same particle concentration. The large inter-subject variability found in the study strengthens



J. Rissler et al. / Journal of Aerosol Science 48 (2012) 18–33 31
the hypothesis that some people are more susceptible to ambient ultrafine particles than others (Chalupa et al., 2004;
Löndahl et al., 2007). Associations were found between total deposited fractions, tidal volume and breathing frequency,
showing increasing TDF with increasing tidal volume and decreasing TDF with increasing breathing frequency.

The measured size-dependent deposition fraction of the two types of agglomerated exhaust particles was nearly
identical (Fig. 6) and closely resembles that of spherical hydrophobic particles (Löndahl et al., 2007). Thus, there is no
measurable effect of particles agglomeration state on the particle size-dependent deposition fraction, if described as a
function of mobility diameter. The explanation for this is that the dominating deposition mechanism of particles below
�500 nm is diffusion, and that the diffusivity is a function of mobility diameter, independent of particle effective density.
This is the type of diameter measured here and in most other studies in this size regime. The mobility diameter is, for
spherical particles, identical to the volume equivalent diameter (geometric diameter). As a comparison, the resulting
deposition curve is plotted in Fig. 6 as a function of volume equivalent diameter (converted using the DMA–APM results).

Whilst the deposition probabilities over size were very similar for the two aerosols, there was a difference in the
observed total deposited fraction and dose. The deposited number of particles was much higher for idling conditions (38%
higher total deposited fraction and 101% higher dose per mg/m3) than during transient driving conditions. The reason for
the high deposition during idling is the presence of a nucleation mode (GMD: 16 nm), for which the probability of
deposition is high. The nucleation mode is typically observed in ambient studies of diesel exhaust causing the dose to be
higher than expected if only the soot mode is present.

The surface area and mass dose derived from number size distributions measured using DMAs techniques is very
sensitive to assuming the correct particle morphology and particle effective density. Deriving the mass dose from
measured deposition patterns and number size distributions, assuming that the particles were spherical, using a density of
2 g/cm3 (soot), would result in overestimating the dose by 70–170%, compared to when using the effective densities
measured by the DMA–APM. Deriving the deposited surface area assuming spherical particles resulted in a �36–43%
lower dose than when using the proposed model. The largest given differences, for both mass and surface area, are
associated with the particles generated during the transient driving cycle, which had the lowest effective densities. The
TDF with respect to mass and surface area was slightly larger during idling, but particles generated during the two driving
conditions did not differ to any large extent (Table 3a). This is because the accumulation mode, present in both cases,
accounted for the dominating part of surface area and mass. The surface area per mg/m3 was lower during idling than
during the transient cycle.

One advantage of using the model here suggested for surface area is that it is based on measured particle properties.
Furthermore, most characterization is performed on-line and while airborne and this results in both time and size-
resolved information. The size-resolved information may be important if deposition probability is size-dependent, as in the
respiratory tract. The time and size resolution is also important for estimating mass dose.

Taken together, the deposition probabilities predicted by common dose models, such as the ICRP or the MPPD, for
hydrophobic spherical particles applies well to diesel exhaust particles for mobility diameters as when measured using any
DMA-based technique (SMPS, FMPS, EEPS, DMS, TDMA, etc.). However, the assumption of spherical particles leads to a substantial
error when calculating the deposited surface area and particle mass. For this calculation it is necessary to consider particle
agglomeration and effective density as outlined in this study. The present methodology makes it possible to better predict the
actual dose of diesel particles deposited in the human respiratory tract with respect to number, surface area and mass. As diesel
emissions constitute a large part of the combustion-generated ambient particulate matter air pollution, it is of major importance
to improve the estimation of particle lung deposition and its association to negative health effects.
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