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ABSTRACT

Total deposition of petrol, diesel and environmental tobacco smoke (ETS) aerosols in the
human respiratory tract for nasal breathing conditions was computed for 14 nonsmoking
volunteers, considering the specific anatomical and respiratory parameters of each volunteer
and the specific size distribution for each inhalation experiment. Theoretical predictions were
34.6% for petrol, 24.0% for diesel, and 18.5% for ETS particles. Compared to the
experimental results, predicted deposition values were consistently smaller than the measured
data (41.4% for petrol, 29.6% for diesel, and 36.2% for ETS particles). The apparent
discrepancy between experimental data on total deposition and modeling results may be
reconciled by considering the non-spherical shape of the test aerosols by diameter-dependent
dynamic shape factors to account for differences between mobility-equivalent and volume-
equivalent or thermodynamic diameters. While the application of dynamic shape factors is
able to explain the observed differences for petrol and diesel particles, additional mechanisms
may be required for ETS particle deposition, such as the size reduction upon inspiration by
evaporation of volatile compounds and/or condensation-induced restructuring, and, possibly,

electrical charge effects.



INTRODUCTION

A previous comparison between experimental and theoretical total deposition data for
environmental tobacco smoke (ETS) with count median diameter (CMD) of 0.2 um revealed
a significant discrepancy between experiment and theory. While a total deposition of 56%
was observed for nasal breathing conditions in 15 nonsmokers (Morawska et al., 1999),
stochastic model calculations predicted a value of only 17% (Hofmann et al., 2001). If,
however, that same stochastic deposition model (Hofmann & Koblinger, 1990; Koblinger &
Hofmann, 1990) was applied to the inhalation of monodisperse, spherical particles in the size
range of the ETS particles (Heyder et al., 1986; Schiller et al., 1986, 1988), excellent
agreement was found between theoretical predictions based on the stochastic model and
corresponding experimental data on total and regional deposition in human test subjects for a
wide range of particle sizes and breathing patterns (Hofmann & Koblinger, 1990, 1992;
Bergmann et al., 1997). This suggests that additional mechanisms must be considered in the
case of polydisperse, non-spherical combustion aerosols, particularly for ETS. Potential
factors discussed in a previous analysis were hygroscopic growth, coagulation, electrical
charge, and cloud settling (Hofmann et al., 2001). It was then concluded that only a
combination of all these factors, if at all, may be necessary to reconcile experimental and
theoretical deposition data.

To further investigate this discrepancy, which may be specific to polydisperse, non-
spherical combustion aerosols, additional measurements were carried out for petrol, diesel,
and ETS aerosols, ranging in size from 40 to 220 nm (Morawska et al., 2005). Thus the
objectives of this theoretical analysis were (i) to compare the new experimental data with
model predictions, and (ii) in case of still existing differences, to explore additional

mechanisms, which may explain that discrepancy.



COMPUTATIONAL MODEL

Deposition model

Total deposition of inhaled petrol, diesel and ETS particles was calculated using an
updated version of the Monte Carlo transport and deposition code IDEAL (Hofmann &
Koblinger, 1990; Koblinger & Hofmann, 1990), which is based on a stochastic morphometric
model of the human lung (Koblinger & Hofmann, 1985). The stochastic asymmetric
morphometric model describes the inherent asymmetry and variability of the human airway
system in terms of probability density functions of airway diameters, lengths and branching
angles and correlations among some of the morphometric parameters. The dimensional and
structural parameters of this model were derived from morphometric measurements of the
trachebronchial tree of two human subjects (Raabe et al., 1976) and from a morphometric
analysis of several acini of the human alveolar region (Haefeli-Bleuer & Weibel, 1988). As
the measured bronchial airway dimensions reportedly refer to total lung capacity (Schum &
Yeh, 1980), all bronchial airway diameters and lengths were isotropically scaled down to a
functional residual capacity (FRC) of 3300 ml (ICRP, 1994) by a constant linear scaling
factor. Upon inspiration, each airway is assumed to expand at the same rate and thus airway
diameters and lengths at a given tidal volume (V) are finally rescaled to a total lung volume
of FRC + V1/2.

In the Monte Carlo transport and deposition model, the random walk of inspired particles
through a stochastically generated airway branching system is simulated by randomly
selecting a sequence of airways for each individual particle. The random selection of the
linear airway dimensions of both daughter airways at each bifurcation is based on the
probability density functions of geometric airway parameters, e.g. airway diameters,
constrained, however, by correlations among some of these parameters, e.g. between cross

sections of major and minor daughters or between airway diameters and branching angles



(Koblinger & Hofmann, 1985). The actual path of the inhaled particle into either the major or
minor daughter branch is then randomly selected from the airflow distribution, assuming that
flow splitting is proportional to distal volume (Phillips & Kaye, 1997). The penetration of
inhaled particles into the lungs is determined by the time of inspiration during the inspiration
period, which is randomly selected for each particle from a uniform time distribution. In case
of a deposition event, which would also terminate the path of an inhaled particle, deposition
of a particle in a given airway is simulated by decreasing its statistical weight, i.e., the particle
continues its path with a smaller statistical weight. The contribution of a deposition event to
deposition in a given airway is then determined by the product of the actual statistical weight
times the deposition probability in that airway.

Particle deposition in individual airways due to the various physical deposition
mechanisms was computed by the commonly used analytical deposition equations for straight
and bent tubes, i.e., deposition of an individual particle is based on the average deposition
behavior of many particles. The filtering efficiency of nasal passages for submicron particles
was considered by empirical equations derived from in vivo measurements (Cheng et al.,
1996). Deposition by Brownian motion in upper bronchial airways was determined by the
empirical equation proposed by Cohen & Asgharian (1990) to account for enhanced
deposition due to developing flow. Outside the range of flow rates and airway dimensions of
this relationship, i.e., in more peripheral airways, Ingham’s (1975) equation for diffusion
deposition under parabolic flow conditions was applied. Axial diffusion is modeled by an
effective axial diffusivity, which depends on particle size (diffusion coefficient) and airway
generation (flow velocity and airway diameter), modified by results of numerical simulations
of bolus dispersion in multiple airway bifurcation models (Hofmann et al., 2003). The
magnitude of deposition by inertial impaction in upper bronchial airways was calculated

according to Yeh & Schum (1980).



To demonstrate the validity of the stochastic deposition model for ultrafine particles,
predicted total deposition values were compared in Figure 1 with the experimental data of
Schiller et al. (1988). Considering the effect of intersubject variability on lung deposition,
excellent agreement between experimental data and theoretical predictions could be obtained,
especially for the size range (40 - 200 nm) and the breathing parameters (Vr =670 ml, f= 16
min™") employed in the combustion aerosol inhalation experiments (Morawska et al., 2005).

This model, validated by comparison with experimental data for monodisperse, spherical
particles, was applied here to experimental data for polydisperse, non-spherical particles.
Since the equations used in the standard model for diffusional and inertial particle deposition
efficiencies refer to spherical particles and combustion aerosols are chain-like aggregates, the
modifications of the diffusion coefficient and the Stokes number for random orientation
proposed by Asgharian & Yu (1990) were applied. The additional effect of direct interception
at the carina of airway bifurcations (Yu & Xu, 1986; Asgharian & Yu, 1989, 1990), which
may play a role for elongated particles, was modeled by the equation proposed by Asgharian

& Yu (1990) for random orientation.

Anatomical and respiratory parameters of volunteers in the experimental study

For inhalation risk assessment purposes, ICRP (1994) proposes the following standard
respiratory parameters under sitting breathing conditions for adult males and females with a
standard functional residual capacity, FRC, of 3300 ml: tidal volume V1 = 0.75 1 (male) and
0.464 1 (female), and breathing frequency f= 12 min™ (male) and 14 min™ (female). In order
to investigate the effect of intersubject variations of anatomical (FRC) and respiratory
parameters (Vr, f) on particle deposition, the 14 test persons between the ages of 20 and 30
aking part in the inhalation experiments (Morawska et al., 2005) participated also in

pulmonary function tests. While breathing frequencies were directly measured, corresponding



tidal volumes were derived from measured vital capacity (VC) values by assuming a constant
empirical ratio between Vi and VC (ICRP 1994). The FRC values for each volunteer were
obtained from empirical relationships between FRC and age and height of females and males
(ICRP, 1994). The derived data were consistent with the assumption of a constant relationship
between FRC and VC (ICRP, 1994).

The individual anatomical and respiratory parameters of the 14 volunteers are compiled in
Table 1, displaying a wide range of intersubject variations in breathing patterns and lung
volumes. Compared to the standard values proposed by ICRP (1994), the average FRC of
3080 ml is slightly smaller than the ICRP value of 3300 ml, while tidal volumes and breathing
frequencies are consistently higher than the standard values. The latter suggests that breathing
during a pulmonary function test or breathing through a mask during the experiment seems to
induce some stress in a volunteer (Askanazi et al., 1980).

For the calculation of individual total deposition fractions, airway dimensions in each
volunteer were scaled in proportion to the cube root of the FRC, relative to the standard FRC
of 3300 ml. Furthermore, individual inspiration and expiration times were derived from the
measured breathing frequencies, assuming equal inspiration and expiration phases without

pause.

MODEL PREDICTIONS AND COMPARISON WITH EXPERIMENTAL

DATA

Deposition of environmental tobacco smoke (ETS), diesel and petrol smoke aerosols in the
human respiratory tract was determined experimentally in 14 non-smoking test persons.
Scanning Mobility Particle Sizer (SMPS) was used to characterize the inhaled and exhaled
aerosol size distributions in the size range of 16 — 626 nm during relaxed breathing over a

period of 10 minutes. The ETS, diesel and petrol particles had count median diameters (and



geometric standard deviations) of 184 nm (1.7), 125 nm (1.7) and 69 nm (1.7), respectively.
For a detailed description of the experimental procedures, the reader is referred to the original

article of Morawska et al. (2005).

Total deposition

Total deposition for nasal breathing conditions was computed for each experiment,
considering the specific anatomical (FRC) and respiratory parameters (Vr, f) of each
volunteer, listed in Table 1, and the specific particle size distributions for each aerosol and
volunteer, listed in Table 2. Predicted total deposition fractions, considering the combined
effect of intersubject variations in physiological parameters and particle size distribution, are
also listed in Table 2 for all three test aerosols. Consistent with the dependence of diffusion
deposition on particle diameter, predicted total deposition decreases with increasing CMD of
the inhaled aerosol.

The effect of different modeling assumptions on total particle deposition is shown in Table
3, varying particle (monodisperse vs. polydisperse and average CMD vs. individual CMD) as
well as breathing parameters (standard vs. individual breathing). While the use of individual
data instead of standard or average values hardly affects total deposition, consideration of
polydispersity significantly decreases deposition relative to the corresponding monodisperse
averages as a result of the lognormal shape of the size distributions.

Experimental total deposition data for each volunteer inhaling the three aerosols are
plotted in Figure 2. Due to differences in particle size and respiratory parameters, total
deposition data for each inhalation experiment varied considerably.

Each of the three test aerosols exhibits a considerable range of CMDs. For ETS, the CMD
had a standard deviation of 0.030 um, for diesel it was 0.025 um and for petrol 0.017 pum.

This variability of the aerosol spectrum was caused by uncontrollable differences of specific



sampling and exposure conditions (Morawska et al., 2005). These variations in CMDs,
however, would non affect the deposition data obtained in this study because each aerosol had
only little variation with respect to both concentration and size distribution throughout each
individual subject’s test. Intersubject variations of lung volumes (FRC) and breathing
parameters (Vr, f) as listed in Table 1 will further increase the variations observed for total
deposition.

Average measured and predicted total deposition data for the 3 test aerosols are
summarized in Figure 3, assuming that the particle diameter recorded by the SMPS represents
the thermodynamic (or geometric) diameter used for the calculation of the diffusion
coefficient in the theoretical predictions. The average measured total deposition of ETS was
36.2 = 10%, of diesel smoke 29.6 + 9%, and of petrol smoke 41.4 + 8%. To illustrate the
dependence of total deposition on particle diameter, deposition was also calculated for a
standard FRC of 3300 ml and sitting breathing conditions for an adult male (ICRP, 1994).
Despite the validation of the deposition model by comparison with monodisperse, spherical
particles (see Figure 1), predicted total deposition is still consistently lower than the
corresponding experimental results for all three aerosols, particularly for the ETS particles.

Theoretical predictions are compared in Table 4 with the measured total deposition values
for male and female volunteers. For all three aerosols, computed deposition is significantly
smaller than the corresponding measured data, the greatest difference occurring for the ETS
particles. Consistent with diffusion theory and experimental data for monodisperse, spherical
particles, total deposition should decrease with increasing particle size. While this is true for
petrol and diesel particles, experimental deposition for ETS particles increases again relative
to diesel aerosols despite their larger particle size. While this suggests that ETS aerosols may
have some unique properties, which cause the observed deviation, it must also be noted that in

the narrow size range where diesel and ETS aerosols overlap, both data groups show similar



values. Furthermore, the model correctly predicts a consistently higher deposition in males

than in females, which is also borne out by the measurements.

Fractional deposition

As displayed in Figure 2, the CMDs of a given test aerosol varied over a relatively wide
range among the 14 volunteers. For example, the smallest CMD for diesel particles was 87
nm, while the largest value was 187 nm. Since the deposition efficiency nearly drops by a
factor of about two from 87 to 187 nm, the average CMDs for a given test aerosol plotted in
Figure 3 may not correctly represent the dependence of total deposition on particle diameter.

Hence fractional deposition, i.e. deposition fractions in each of the SMPS size bins, was
determined for each subject and aerosol (Morawska et al., 2005), indicating significant
intersubject variations. Measured average fractional depositions of all subjects for each of the
three aerosols are plotted in Figure 4 as a function of the thermodynamic (or geometric)
particle diameter, together with the theoretical curve for monodisperse, spherical particles
using the average breathing conditions of the volunteers (Table 1). While theoretical
deposition, consistent with experimental data for spherical particles (ICRP, 1994) decreases
with increasing particle diameter in the diffusion-dominated size range, this decline is less

significant for the diesel and petrol aerosols, and practically absent for the ETS particles.

EFFECT OF PARTICLE SHAPE ON DEPOSITION

The above comparison between experimental data and theoretical predictions for the three
test aerosols reveals two significant differences: (i) measured total deposition values are
consistently higher than those predicted by the model, and (ii) the dependence of measured
fractional deposition on particle diameter is not consistent with diffusion theory, particularly

for ETS particles. Since model predictions exhibit excellent agreement with experimental data
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for spherical particles, these differences may be attributed to the non-spherical shape of the
inhaled test aerosols. Hence the role of particle shape on deposition will be investigated in
more detail.

The non-spherical shape of the test aerosols affects measured size distributions as well as
particle deposition calculations. In case of spherical particles, the mobility equivalent
diameter, obtained in the measurements, and the thermodynamic (or geometric) diameter,
used for the calculation of the diffusion coefficient by the Stokes-Einstein equation, have the
same numerical value. Indeed, the deposition measurements of Schiller et al. (1988) with
monodisperse, spherical, hydrophobic, uncharged silver particles in a diffusion battery
demonstrated that electrical mobility-equivalent diameters agreed with diffusion-equivalent or
thermodynamic diameters. However, in case of non-spherical, fractal-like particles used in the
present study, the drag force experienced by an irregularly shaped particle is higher than that
for a spherical particle having the same volume. According to Kasper (1982), the mobility-
equivalent particle diameter of a non-spherical particle, dne, can be related to the volume-
equivalent diameter of a spherical particle, dye, by a dynamic shape factor, 7y, to give the same
drag force:

dime = dve Cme/ Ce (1)
where C,. and C,, are the related Cunnigham slip correction factors.

Typical values of y lie in the range of 1 to 2, e.g. x = 1.95 for coal dust (Hinds, 1999), or y,
= 1.54 for a prolate ellipsoid with an axis ratio of 0.1 (Friedlander, 2000). Dynamic shape
factors of soot aggregates from wood combustion were between 1.5 and 2.5, increasing with
rising number of primary particles (Gwaze et al., 2006). Park et al. (2004) found that the
dynamic shape factor increased from 1.11 to 2.21 as the diameter of diesel exhaust particles

increased from 50 to 220 nm.
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In terms of the diffusion coefficient for the deposition calculations, this relationship leads

to

Dime = Dye Cve/ % Cine 2

where Dy, is the diffusion coefficient for the non-spherical particle and D, the diffusion
coefficient of the volume- equivalent diameter for a spherical particle. Thus, if experimental
and theoretical deposition is expressed in terms of the volume-equivalent particle diameter,
then the experimental deposition values for the three test aerosols will be shifted to smaller
particle sizes, more in line with the model predictions. Alternatively, if experimental and
theoretical deposition is expressed in terms of the measured mobility-equivalent particle
diameter, then the computed deposition values for the three test aerosols will be shifted to
larger particle diameters.

In Figure 3, total deposition is plotted as a function of the thermodynamic particle diameter
of unit density spherical particles to facilitate comparison with commonly used monodisperse,
spherical particles. Thus to relate the measured mobility-equivalent diameters of the three
aerosols to their corresponding volume-equivalent or thermodynamic diameters, they have to
be divided by their dynamic shape factors (eq. 1).

Empirical average dynamic shape factors, defined as the ratio of the CMDs measured in
the experiments divided by the CMDs of the reduced hypothetical size distributions to match
the corresponding experimental values, are listed in Table 5. These numerical values for the
dynamic shape factors must be interpreted as average values for the whole size spectrum, i.e.
related to the average CMD for each test aerosol. The required dynamic shape factors of 1.21
for petrol and of 1.59 for diesel aerosols lie indeed within the range of reported values.
Although dynamic shape factors were not measured at the time of the inhalation experiments,
the application of published dynamic shape factors for petrol and diesel may reconcile the

experimental and theoretical deposition data for the two aerosols. The difference in the
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dynamic shape factors may be attributed to morphological differences of the two types of
combustion aerosols, as diesel particles consist mainly of chain aggregates, while petrol
particles contain a substantial amount of volatile material and thus a more spherical (Wang &
Friedlander, 2007). For the ETS particles, however, the dynamic shape factors proposed for
the petrol and diesel aerosols are too small to explain an empirical shape factor of 2.69.

To investigate the effect of shape factors and their related deposition patterns on the
exhaled particle sizes, expiratory particle size spectra were calculated for the average inhaled
size spectra of the three test acrosols (Morawska et al. 2005), varying the shape factors within
the above range of values. If no shape factor is considered at all, i.e. ¥ = 1, the CMDs of all
three aerosols are shifted slightly to higher values, e.g. from 184 nm to 191 nm for ETS
particles, as the particles with diameters less than the medians are preferentially deposited
relative to those with larger diameters of the lognormal size distributions. However, an
increase of the shape factor in the range from 1 to 2 did not change the CMDs in the exhaled
air. Thus the observation that CMDs in inhaled and exhaled air are practically the same within
the experimental error is consistent with the application of dynamic shape factors in this
range.

While the shift of the experimental results to smaller sizes reduces and possibly even
eliminates the differences between experimental data and theoretical predictions, the
application of such average dynamic shape factors still cannot explain the relative
insensitivity to particle size in the diffusion domain as exhibited in the fractional deposition
data, particularly for the ETS particles. This discrepancy can only be reconciled by assuming
that dynamic shape factors for the three aerosols are functions of the particle diameter, where
larger diameter aerosols have higher shape factors, and vice versa. Indeed, Park et al. (2004)
found that the dynamic shape factor increased from 1.11 to 2.21 as the mobility diameter of

diesel exhaust particles increased from 50 to 220 nm. They attributed this increase in dynamic
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shape factor to the increasing irregularity of diesel particles with size, i.e. larger particles are
more irregular than smaller ones. For even higher mobility diameters, between 100 and 400
nm, Slowik et al. (2004) reported that dynamic shape factors further increased in a nearly
linear fashion up to a value of about 3. Both data sets for diesel particles were fitted by a
polynomial function and extrapolated to 600 nm to cover the whole range of particle
diameters used in this study (Figure 5).

The effect of this dynamic shape factor function, based on the experimental data of Park et
al. (2004) and Slowik et al. (2004), on total deposition is illustrated in Figure 3 for all three
test aerosols. For the deposition calculations, average mobility-equivalent diameters were
converted to average volume-equivalent diameters by weighting the measured size
distributions by the dynamic shape factor function. Considering the effect of intersubject
variability in the total and fractional deposition data and potential differences in particle
morphology, and thus shape factor, surprisingly good agreement could be obtained for the
petrol and diesel aerosols. The differences between petrol and diesel particles in the dynamic
shape factor values are consistent with the reported increase of the shape factor with growing
diameter. This agreement indicates that the differences between experimental data and
theoretical predictions of fractional deposition data are indeed caused by the non-spherical
shape of the combustion particles. It further suggests that the dynamic shape factor concept is
an appropriate method to characterize the deposition behavior of fractal combustion

aggregates.

DEPOSITION OF ETS PARTICLES
While the assumption of diameter-dependent shape factors explains satisfactorily the
deviation from diffusion theory for the petrol and diesel particles, problems still exist for the

ETS particles, where fractional deposition is relatively insensitive to particle size over the
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measured size range. Thus one possible explanation is that dynamic shape factors for ETS
particles are either generally higher than for diesel particles and/or that they further increase
beyond the 50 - 400 nm range reported by Park et al. (2004) and Slowik et al. (2004). The
latter hypothesis would be consistent with the finding of Park et al. (2004) who attributed the
increase in dynamic shape factor to the increasing irregularity of diesel particles with size, i.e.
larger particles are more irregular than smaller ones. However, extrapolating the dynamic
shape factor function measured by Slowik et al. (2004) up to 600 nm (see Figure 5) only
slightly reduces the differences between experiment and modeling. Only the assumption of a
dynamic shape factor increasing linearly to an unrealistically high value of about 9 at 600 nm
would produce the desired effect. Thus dynamic shape factors for ETS particles either
generally adopt higher values than for diesel aerosols or additional physical mechanisms may

play a role.

Mechanisms affecting particle size

The first group of mechanisms includes those which affect particle size upon inspiration,
such as increase in size due to hygroscopic growth or coagulation, or size reduction by
evaporation of volatile compounds and/or condensation-induced restructuring or increase in
size due to hygroscopic growth or coagulation.

Comprehensive characterization of hygroscopic growth of fresh and aged ETS was
previously reported by Morawska et al. (1998), suggesting that hygroscopic growth of ETS in
the lungs may be of the order of 20 - 30%. Alternatively, hygroscopic growth in nasal
passages may reduce nasal deposition so that more particles can reach the lungs, thereby
increasing total deposition. Implementation of the algorithm developed by Schroeter et al.
(2001) for the effect of hygrosopic growth on ETS in human nasal passages into the stochastic

deposition model, nasal deposition efficiencies for 183 nm CMD ETS particles were reduced
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by hygroscopic growth from 1.44% to 1.16%. These calculations are based on the assumption
that growth is completed within the nasal airways for the flow and particle sizes employed in
this study, eventually reaching a maximum hygroscopic growth factor of 1.8. Assuming the
same growth conditions for petrol and diesel particles, corresponding deposition efficiencies
were 0.46% vs. 0.39% (69 nm CMD), and 0.78% vs. 0.58% (124 nm CMD). This indicates
that nasal deposition hardly affects the number of particles entering the lung and hence total
deposition. Since the size spectra of the particles exiting the nasopharyngeal region are shifted
to larger particle diameters by a factor of 1.8, hygroscopic growth leads to a reduction of
particle deposition in the thoracic region, and, consequently, to total deposition. In the case of
ETS particles, total deposition is reduced from 16.5% to 13.8%. Thus hygroscopic growth
would actually widen the gap between experimental and theoretical results rather than
reducing it. In conclusion, hygroscopic growth may not appreciably affect total deposition in
the present study.

Coagulation is well known as another mechanism, which may increase particle size upon
inspiration (Robinson & Yu, 1999, 2001). For example, modeling coagulation of cigarette
smoke as a polydisperse-charged aerosol, numerical results indicated that the size distribution
of sidestream cigarette smoke, with a concentration of 10° particles per cm’, remains
practically unchanged for 2 seconds (Robinson & Yu, 1999). Since the particle concentrations
in the present experiments (Morawska et al., 2005) were about 5 x 10™ ¢cm™ and thus well
below the region where coagulation will play a role, this effect may safely be neglected in the
present analysis. Moreover, a potential effect of coagulation would further decrease the
theoretical predictions for the three test aerosols rather than to elevate them to the level of the
experimental values.

While hygroscopic aerosol particles grow in size by hygroscopic growth, the size of a non-

hygroscopic particle may also decrease by evaporation of volatile substances. If a particle
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consists of an involatile hard core and a volatile outer shell, then the sudden temperature rise
upon inhalation may induce evaporation of the volatile compounds in the outer shell of the
particles, thereby reducing particle size and, consequently, increasing deposition (Miiller,
2000, 2004). Moreover, with rising temperature, semivolatile species escape into the gas
phase, thereby further enhancing the evaporation effect. Based on the equations proposed by
Miiller (2000, 2004) on the dependence of the mass median diameter (MMD) and the gaseous
fraction on vapor pressure and temperature, size reduction factors for non-hygroscopic
particles range from about 1.1 to 1.7 for various inorganic and organic substances. Indeed, a
diameter reduction factor of 1.7, assumed in addition to the dynamic shape factor effect
shown in Figure 5, would reconcile experiment with modelling. Thus, such evaporation
effects may contribute to the experimentally observed higher deposition values of ETS
particles in addition to non-spherical particle effects. In case of partly hygroscopic particles,
this diameter reduction may be compensated to some degree by hygroscopic growth.

An alternative explanation for the shrinking of particles during inhalation is offered by
Kitz & Schmidt-Ott (2004) through condensation-induced restructuring of agglomerates of
primary particles in the humid atmosphere of the lungs. At a certain degree of evaporation,
the primary particles tend to deform the droplet, while surface tension tries to retain the
spherical shape, thereby reducing the diameter of the droplet. While this effect may be less
significant for aerosols with a rather stable inner structure, e.g. diesel and petrol aerosols,
more loosely structured aerosols, such as ETS particles, may collapse more readily to a rather
spherical shape due to capillary forces. Thus the additional effect of capillary condensation
may explain why the difference between measured and calculated particle deposition is most
pronounced for ETS particles. Again, a diameter reduction factor of 1.7 for ETS particles

would be needed to reconcile experimental with predicted total deposition.
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Additional deposition mechanisms

The second group of mechanisms comprises additional physical deposition mechanisms
presumed to be effective for mainstream cigarette smoke deposition. These mechanisms may
have to be considered for ETS deposition as well, such as the effect of electrical charge
effects or cloud behavior. The stochastic deposition model used for the present calculations
considers the effects of deposition by Brownian motion, inertial impaction and gravitational
settling. Thus a possible reason for predicting lower total deposition than found in the
experiments could also be that additional mechanisms, such as electrical charge effects or
cloud settling, must be included.

Due to the relatively small particle concentrations used in this study, only image forces,
i.e., the electrostatic interaction between particles and the conducting surface of the airway
walls, must be considered. Measurements of the charge status of mainstream cigarette smoke
and vehicle exhaust particles have shown that large fractions of particles, approximately 60-
80% are electrically charged, exhibiting a symmetric charge distribution with a charge per
particle of about one or two, which leaves the combustion aerosols essentially electrically
neutral (Robinson & Yu, 1999; Park et al., 2004; Maricq, 2006). Measurements in human test
subjects have demonstrated that total deposition of particles in the range of 0.3 - 1.0 um
increases with increasing charge for highly charged aerosols (Melandri et al., 1983), say
above about 30 electrostatic charge units (Yu, 1985), which is far above the measured charge
values. However, Cohen et al. (1998) showed that even singly charged ultrafine particles in
hollow-cast models of human airways may considerably increase deposition in upper
bronchial airways. In the present study, a deposition enhancement factor of 1.5 would be
needed to achieve agreement between experiment and calculations, which lies well in the

range of the values reported by Cohen at al. (1988). Since no charge measurements were
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made in the experimental study, it is presently not possible to estimate the effect of electrical
charge on the deposition of the three test aerosols.

Cloud settling or colligative behavior would increase deposition of concentrated inhaled
particles, such as in mainstream cigarette smoke, by impaction, sedimentation and
interception (Broday & Robinson, 2003; Martonen, 1992; Martonen & Musante, 2000;
Robinson & Yu, 2001). However, for particle concentrations of 5 x 10™ c¢m™ used in the
experiments (Morawska et al., 2005), individual particle motion should prevail and no cloud

motion effect should be observed (Martonen, 1992).

DISCUSSION

Although the above discussed effects seem to reconcile most of the observed discrepancy
between experimental and theoretical deposition data, other factors may also play a role. For
example, the anatomical (FRC) and physiological parameters (Vr, f) used in the calculations
may be different from those during the in vivo inhalation studies. Since the FRC and Vr
values for each volunteer were derived from empirical equations (ICRP, 1994), the question
arises whether these empirical relationships, describing the average behavior of many
individuals, also holds for a given individual. Thus the FRC of each volunteer was varied by +
16%, as suggested by the statistical uncertainties of the equations, to simulate the potential
effect of FRC variations on total deposition. The resulting uncertainties in total deposition
suggest that any errors in the FRC calculations would not appreciably affect the deposition
results. For example, a decrease of FRC by 16% would increase total deposition by only
about 1%. Calculations for Vr variations give similar results, with total deposition slightly
decreasing for higher tidal volumes.

Although breathing frequencies measured at the time of the test were generally similar to

those obtained during the pulmonary function tests (which were eventually used for the
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deposition calculations), there were a few volunteers whose breathing frequencies were
consistently smaller during the inhalation experiment. To simulate the potential effect of a
slower breathing at the time of the inhalation experiment on particle deposition, breathing
frequencies were reduced by 20% as suggested by the measured data. As expected for
particles in the diffusion domain, this decrease in breathing frequency increases average total
deposition by about 2% for all three aerosols. Thus the assumption of a slower breathing
during the experiment increases total deposition, but would only slightly reduce the observed
discrepancy between experimental and theoretical data. In conclusion, any potential errors in
the determination of anatomical and physiological input parameters do not appreciably affect
total deposition calculations.

The quantification of the non-spherical shape of combustion aerosols in terms of dynamic
shape factors is able to explain the observed differences between measured and predicted total
deposition for petrol and diesel particles. This apparent discrepancy was primarily caused by
using mobility-equivalent diameters for reporting the measurements and volume-equivalent
diameters for the determination of diffusion coefficients used in the deposition calculations.
Indeed, Wang and Friedlander (2007) recently concluded that the total deposition data of
Morawska et al. (2005) for diesel and petrol exhaust particles agree well with predicted
deposition fractions when measured particle diameters are expressed as diffusion-equivalent
diameters. Thus measurements of the size distribution of non-spherical particles must include
some estimates of the dynamic shape factor. Otherwise, deposition estimated on the basis of
models using spherical particles will underestimate deposition and thus risk. An alternative
method to directly measure the effect of non-spherical shape is the derivation of effective
densities through the combined measurement of the mobility-equivalent diameters and

aerodynamic-equivalent diameters (Park et al., 2003; Schmid et al., 2007).
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In conclusion, the observed discrepancy between measured and predicted total deposition
for diesel and petrol aerosols can be reconciled by the application of dynamic shape factors.
Their measured dependence on particle diameter can also explain the relative insensitivity of
their fractional deposition to particle diameter variations. In the case of ETS particles,
additional factors may have to be incorporated into current deposition models. Estimates of
the magnitudes of the potential effects of non-spherical shape, evaporation, condensation-
induced restructuring, and electrical charges on total and fractional deposition suggest that a
combination of several of these mechanisms may be necessary to reconcile ETS experimental
and theoretical deposition data, the most likely candidates being non-spherical shape,
evaporation and capillary condensation, and, possibly, charge effects. However, in case the
ETS inhalation experiments (Morawska et al., 2005), the time between the production and
inhalation of ETS particles may have been long enough so that evaporation as well as uptake
of water molecules have already partly taken place before inhalation, thereby diminishing the
effects of non-spherical shape, evaporation and condensation-induced restructuring. These
additional factors may also contribute to petrol and diesel deposition, but their relative
magnitudes are most likely much smaller than the effect of the dynamic shape factor. Since
quantitative information on the relative magnitudes of these mechanisms for the three test
aerosols used in the present study is only partly available at present, only additional

experiments can clarify these issues.
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Figure 4

Comparison of theoretical predictions of total deposition with experimental data in
human test subjects for a constant flow rate (Q) of 250 ml s, but variable tidal

volumes (TV) and breathing frequencies (Schiller et al., 1988).

Relationship between count median diameter (CMD) and total deposition in 14

human volunteers inhaling petrol, diesel and ETS aerosols.

Comparison of computed total deposition for polydisperse, spherical particles,
based on individual breathing conditions and size distributions, and measured
average total deposition in 14 volunteers plotted as a function of the volume-
equivalent or thermodynamic particle diameter. In case of the experimental data, the
plotted diameter is the mobility-equivalent particle diameter recorded by the SMPS.
Model predictions considering the dynamic shape factor function obtained by
fitting the experimental data of Park et al. (2004) and Slowik et al. (2004) relate the
measured mobility-equivalent diameters to the corresponding volume-equivalent

diameters used in the model simulations.

Comparison of measured average fractional deposition with theoretical predictions
for monodisperse, spherical particles using standard breathing conditions, plotted as
a function of the volume-equivalent or thermodynamic particle diameter. In case of
the experimental data, it was assumed that the particle diameter recorded by the

SMPS represents the thermodynamic diameter.
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Figure 5 Dynamic shape factor function for diesel aerosols obtained by fitting the

experimental data of Park et al. (2004) and Slowik et al. (2004).
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Table 1
Anatomical and respiratory parameters of 6 female (f) and 8 male (m) nonsmoking human
volunteers derived from pulmonary function tests, grouped by gender and increasing FRC:

Functional residual capacity (FRC), tidal volume (Vr), and breathing frequency (f).

Subject Gender FRC (1) Vr (D) f (min™")
1 f 2.46 0.46 14
2 f 2.57 0.54 16
3 f 2.66 0.54 12
4 f 2.67 0.53 16
5 f 2.85 0.57 16
6 f 3.68 0.81 16
7 m 2.63 0.56 20
8 m 3.03 0.65 22
9 m 3.26 0.72 18
10 m 3.37 0.76 18
11 m 3.39 0.77 11
12 m 3.40 0.74 18
13 m 3.42 0.80 12
14 m 3.79 0.89 20
Average 3.08 (2.99)* 0.67 (0.61)* 16 (13)*

*standard ICRP (1994) values (average of male and female values)
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Table 2

Count median diameters (CMD) with geometric standard deviations (GSD) of the petrol,
diesel and ETS aerosols used in each deposition experiment for a specific volunteer and
corresponding model predictions of total deposition (TD) for nasal breathing conditions, using

subject-specific lung volumes and respiratory parameters.

Petrol Diesel ETS

Subject CMD GSD TD CMD GSD TD CMD GSD TD

(nm) %) (nm) %) (nm) (%)
1 62 1.8 35.9 122 1.8 238 177 1.7 18.1
2 63 1.7  36.0 124 1.7 23.1 217 1.7 16.1
3 63 1.6 38.6 139 1.8 238 177 1.7 203
4 70 1.8 33.0 100 1.8 26.0 153 1.8 20.1
5 76 1.6 31.2 138 1.9 222 190 1.7 17.5
6 72 1.8 333 146 1.9 217 210 1.7 17.7
7 87 1.8 273 97 1.9 257 156 1.6 18.1
8 57 1.6 344 100 1.8 244 134 1.7 20.0
9 59 1.6 36.0 128 1.7 21.7 224 1.6 15.6

10 117 1.8 237 187 1.8 18.4 196 1.7 17.3

11 64 1.8 40.7 127 1.8 26.8 205 1.7 19.8

12 60 1.7 358 126 1.8 226 212 1.7 16.3

13 73 1.7 36.6 111 1.8 284 174 1.8 21.5

14 43 1.7 419 87 1.8 28.0 130 1.7 209

Average 69.0 1.7 346 1237 1.8 240 1825 1.7 185
(+4.8) (+2.7) (£ 1.9)
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Table 3

Comparison of different modeling assumptions on particle deposition. Standard breathing
refers to an FRC of 3300 ml and ICRP (1994) sitting breathing conditions, while individual
breathing refers to the measured anatomical and physiological parameters (FRC, Vr, f) for

each volunteer.

Average total deposition (%)

Inhalation conditions Petrol Diesel ETS
Monodisperse, average CMD 42.7 29.6 22.0
standard breathing
Polydisperse, average CMD 34.9 24.6 18.8
standard breathing
Polydisperse, average CMD 33.8 23.5 18.3

individual breathing

Monodisperse, individual CMD 42.4 29.2 21.2
individual breathing

Polydisperse, individual CMD 34.6 24.0 18.5
individual breathing
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Table 4

Comparison between experimental data and theoretical predictions for the three test aerosols.

Total deposition (%)

Petrol Diesel ETS

male 43.0 30.5 37.0

Experiment female 39.2 28.3 35.2
total 41.4 29.6 36.2

male 34.9 24.5 18.7

Model female 34.1 23.3 18.2
total 34.6 24.0 18.5
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Table 5
Empirical average dynamic shape factors, defined as the ratio of the CMDs measured in the
experiments (CMD) divided by the CMDs of the reduced hypothetical size distributions to

match the corresponding experimental values (CMD*).

Aerosol CMD (nm) CMD*(nm)

Petrol 69 57 1.21
Diesel 124 78 1.59
ETS 183 68 2.69
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