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Motivation 

  Ultrafine Particles affect human health 
  Highest number concentration of particles in air 
  Been linked to harmful effects 

  Ozone can cause UFP’s 
  Main driver of air reactions in indoor environments 
  Shown to occur in reactions with some household cleaners 

  Source position is important 
  Where the emission occurs affects how much is inhaled 
  When very close to our bodies, inhalation is magnified 



Particle sizes in our air 

In 1994, when we introduced the ultra-
fine particle hypothesis stating that
ambient ultrafine particles (UFP; < 0.1
µm in aerodynamic diameter) may cause
adverse health effects at the first
Colloquium for Particulate Air Pollution
and Human Mortality and Morbidity in Irvine, California, it was
met with friendly skepticism as well as out-right dismissal. Arguments
were that UFP are very short-lived and disappear through heteroge-
neous and homogeneous aggregation within seconds or minutes and
therefore are toxicologically irrelevant. These arguments did not rec-
ognize that UFP are continuously generated or that ambient UFP
contribute very little, if any, mass to ambient PM10 (particles < 10
µm in aerodynamic diameter) or PM2.5 (particles < 2.5 µm in aerody-
namic diameter). Indeed, the mass distribution of a typical urban
aerosol among the different particle sizes may support this point
(Figure 1). This attitude of skepticism has changed considerably.
Research teams across the world are working now on UFP, forming
multidisciplinary alliances between atmospheric scientists, engineers,
epidemiologists, clinicians, and toxicologists. They investigate UFP
sources, generation, physicochemical characteristics, behavior in
ambient air, and potential effects and underlying mechanisms follow-
ing their inhalation. Still, sound skepticism lingers, as demonstrated
by the title of a presentation at the 2002 meeting of the Health
Effects Institute: “Nanoparticles: Are They Real?”

Obviously, there is no question that UFP are real, but it is also clear
that we still do not know enough about them, despite significant
progress in our understanding since 1994. Atmospheric UFP derived
from gas-to-particle conversions have many sources, natural and anthro-
pogenic, the latter being mostly derived from internal combustion

processes. Diesel fuel, gasoline, and even
compressed natural gas—considered to
be “clean”—powered engines all emit
high numbers of UFP. If these anthro-
pogenic UFP cause significant health
effects, is the conversion of diesel-

powered buses to compressed natural gas—as practiced now in several
cities—really a good idea? We should be more cautious about intro-
ducing technologies based on the assumption that they result in clean-
er air with fewer and less toxic contaminants. The experience with
methyl tert-butyl ether as a fuel additive should serve as a reminder of
the potential unintended health and environmental consequences of
altering fuels and resulting emissions on a large scale without an ade-
quate understanding of toxicity.

Since vehicular emissions are regulated by mass output, modern
technologies for internal combustion engines favor the generation and
formation of UFP because they contribute minimally to the mass out-
put of fine particles (Figure 1). It should come as no surprise that
“clean” engines are built to conform to present standards of mass out-
put, despite emitting high numbers of UFP. A standard based on par-
ticle number would be more appropriate to reduce UFP emissions. A
standard based on particle surface area—as is also proposed—may not
be helpful to control UFP because fine particles comprise most of the
total particle surface area (Figure 1). In recent measurements made
during road-chase studies in Minnesota, UFP concentrations were as
high as 1 ! 107 particles/cm3 (Kittelson et al. 2001). A short distance
from the highways, these high UFP concentrations are lower, but
individuals in automobiles on the highways are directly exposed to the
high concentrations. Moreover, these UFP are freshly generated, and
if results of earlier toxicologic studies with UFP generated from
thermodegradation products of polymers are an indication of a general
principle of UFP toxicity, freshness and proximity to the source are
key requirements for inducing acute adverse effects of UFP.

Do UFP emitted from internal combustion engines cause adverse
health effects? We still need to know more, but results from our con-
trolled clinical and animal studies using ultrafine elemental carbon par-
ticles permit some preliminary conclusions: The high deposition of
inhaled UFP (0.007–0.1 µm) in the human respiratory tract as predict-
ed by ICRP (1994) could be confirmed; moreover, deposition was even
higher during exercise and in asthmatics. Unlike larger fine particles,
UFP seem to escape phagocytosis by alveolar macrophages and are
translocated to extrapulmonary organs, as was determined in rodents
using ultrafine 13C particles, although such translocation was only min-
imal with ultrafine iridium particles. Cardiovascular effects in humans
and animals and mild pulmonary inflammation in animals were also
found following ultrafine carbon particle exposures.

Although health effects data and understanding of mechanisms are
still limited, there are intriguing data from other disciplines, in particular
the field of drug delivery: Intravenously administered UFP were found
to cross the blood–brain barrier (Kreuter, 2001), and a transport func-
tion of caveolae for macromolecules with molecular radii of several
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Editorial

Ultrafine Particles in
the Urban Air: To the
Respiratory Tract—
And Beyond?

PERSPECTIVES
Editorial

Is the central nervous system yet another target organ for
ultrafine particles?
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Figure 1. Typical urban particle size distribution based on the work of Finlayson-
Pitts and Pitts (2000). In this editorial, ultrafine particles are considered to be
those < 0.1 µm, but there is no general consensus about this definition; the term
“nanoparticles” has also been used for particles < 0.01 µm, as shown.

Günter Oberdörster Mark J. Utell

Philips Aerasense, www.aerasense.com/index.php?pageID=6;  Ref: Oberdörster & Utell, Env Health Perspect, 110, 8, 2002 

Typically particles are characterized as either coarse particles 
(2.5µm<Dp<10µm) or as fine particles (Dp<2.5µm).  On a mass or surface 
area basis, ultrafine particles (Dp<0.1µm) contribute little, but they contain 
almost all of the count or number. 



Sources of Ultrafine Particles Indoors 

other fractions. The delay was longer for smaller
particles than for larger.

Air-freshener spray

During the air-freshener experiment, the maximum
concentration of ultrafine particles was approximately
30,000 particles/cm3. Particle concentrations in the size
ranges >1.0, 0.4–0.5 and 0.5–0.6 lm were 13, 15 and
11 particles/cm3, respectively. The concentrations of
particles in the 0.1 lm wide size ranges between 0.3 and
0.4 lm and between 0.6 and 1.0 lm were <6 particles/
cm3 each. The maximum concentration of particles
‡1.0 lm was reached simultaneously with the maxi-
mum concentration of ultrafine particles. Also in this
case the maximum concentrations of particles between
0.3 and 1.0 lm were delayed. The delay was longer for
smaller particles and <1 h for all fractions.

Pure wax candles

Figure 2 shows particle concentrations generated
when pure wax candles were burned. The maximum

concentration of ultrafine particles was approximately
241,000 particles/cm3. The concentrations of particles
larger than 0.3 lm were very low, but showed a sharp
increase after 85 min, at the point when the candles
were extinguished. However, the ultrafine particle
concentration did not increase at that point.

Vacuum cleaner

Figure 3 illustrates particle concentrations generated
when a vacuum cleaner with a full dust bag was tested
in the chamber. The maximum concentration of
ultrafine particles was 21,000 particles/cm3. The con-
centration of particles in the size ranges 0.4–0.5 and
0.5–0.6 lm were approximately 12 and 4 particles/cm3,
respectively. The levels of the other particle fractions
studied were each below 4 particles/cm3.
Particle concentrations were also measured when the

vacuum cleaner was operated without any accessories
(i.e. without dust bag, filters and hose) to determine
whether or not the particles originated from the motor.
The maximum concentration of ultrafine particles was
38,000 particles/cm3. The concentration of particles in
the size range 0.4–0.5 lm was approximately 20 par-
ticles/cm3. The levels of the other particle fractions
studied were each below 8 particles/cm3. During both
vacuum cleaner tests, all size fractions showed concen-
tration variations over time that were similar to that of
the ultrafine particles.

Frying of meat

Particle concentrations measured when meat was fried
in a frying pan on an electric stove. The maximum
concentration of ultrafine particles was approximately
150,000 particles/cm3. Particles ‡1.0 lm and ultrafine
particles reached their maximum concentration sim-
ultaneously. The maximum concentration of particles
‡1.0 lm was 25 particles/cm3. The levels of the other
studied particle fractions above the ultrafine size
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Fig. 1 Concentrations of ultrafine particles from cigarette
smoke measured by the P-Trak counter 8025 and particles
ranging from 0.3 to >1.0 lm measured by the Malvern counter
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Fig. 2 Concentrations of ultrafine particles from the burning of
pure wax candles measured by the P-Trak 8025 counter and
particles ranging from 0.3 to >1.0 lmmeasured by the Malvern
counter

Vacuum cleaner full bag
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Fig. 3 Concentrations of ultrafine particles from a fully equip-
ped vacuum cleaner measured by the P-Trak 8025 and particles
ranging from 0.3 to >1.0 lm measured by the Malvern counter

Afshari et al.
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UFP’s can be produced indoors by combustion, chemical reactions 
and by some appliances 

Source: Afshari, Alireza, U. Matson, and L. E. Ekberg Indoor Air 15, 141, 2005 

Other common sources: 

•  Cigarettes 

•  Irons 

•  Vacuums 

•  Cooking surfaces 

•  Some cleaning agents 



Ozone reactions can also produce UFP’s 

Characteristic growth 
of particles from ozone 
(~60 ppb at inlet) and 
pine-oil cleaner vapor.  
Tick marks represent 
30 min intervals and 
the y-axis indicates 
particle diameter (nm) 

Source: BK Coleman, MM Lunden, H Destaillats, WW Nazaroff, Atmospheric Environment 42, 35, 2008 

total number concentrations during stage 2 were on the
order of 105 cm!3 and the particle number concentra-
tions during stage 4 were an order of magnitude lower.
Since the vast majority of the particles were smaller
than 400 nm, the SMPS provided a fairly accurate
measure of the total particle number concentration.

Mass concentration (PM1.1) ranged from tens to
hundreds of mg m!3, and the stage 4 mass concentration
was about half of the value at the peak. Together, the
SMPS and OPC captured the full range of particle sizes,
but up to half of the mass went undetected when only
the SMPS was used.

Fig. 1. Particle size-distribution evolution as measured with an SMPS for six experiments in which vapor from a pine-oil cleaner (POC) was combined with ozone
under different conditions. The y-axis indicates particle diameter, Dp (nm), the x-axis represents time (with tick marks indicating 30-min increments) and the
shading indicates the count-based particle size distribution, dN/d(log Dp) (cm!3). Nucleation begins with the onset of ozone supply to the chamber that already
contains POC vapors.

B.K. Coleman et al. / Atmospheric Environment 42 (2008) 8234–82458238



Indoor Ozone 
Ozone in Indoor Environments

ranging from !0.02 to 6.5 mg/h with an average value
of 1.2 mg/h.

Electrostatic air filters and electrostatic precipitators
can also generate ozone. The manufacturers of these
devices attempt to design them in such a way as to
limit ozone production. However, if excessive arcing
occurs, these devices can contribute tens of ppb to
ozone concentrations in indoor settings.

Numerous commercial ozone generators are adver-
tised to remove airborne contaminants and improve in-
door environments. Models are available with emis-
sion rates ranging from tens to thousands of milligram
per hour (mg/h). One manufacturer in the United
States claims to have sold over 2 million ozone gener-
ators over the past 12 years (Federal Trade Com-
mission, 1998). Beoniger (1995) has examined the use
of ozone generating devices to improve indoor air
quality and concludes that ‘‘... ozone is not a practical
and effective means of improving indoor air quality,
especially in light of its potentially serious risk to
health’’. The U.S. EPA (1999) has also assessed the use
of ozone generators as air purifiers.

Indoor Ozone Concentrations
Figure 1 shows indoor and outdoor ozone concen-
trations measured for a 6-day period at a telephone
switching office in Burbank, California, USA. Such
measurements have been made in numerous types of
buildings, including residential, commercial and pub-
lic structures. In studies conducted by Shair and co-
workers at selected California Institute of Technology
buildings (Sabersky et al., 1973; Hales et al., 1974; Shair,
1981), the indoor ozone concentrations were found to
closely track outdoor concentrations and to be depend-
ent on the air exchange rate. More recent examples of
simultaneous indoor and outdoor ozone measure-
ments include multiple locations in a Red Bank, New
Jersey, USA office complex (Weschler et al., 1989, 1991,
1992), a telephone office in Burbank, California, USA
(Weschler et al., 1994a, b), and six New Jersey homes
(Zhang et al., 1994a). Each of these investigations con-
firmed that indoor ozone concentrations varied in a
predictable fashion with outdoor concentrations and
the air exchange rate.

For a given site, at a constant air exchange rate and
absent varying indoor sources, the indoor ozone con-
centration divided by the outdoor ozone concentration
(I/O ozone) remains relatively constant (Shair and
Heitner, 1974; Hales and Shair, 1974; Weschler et al.,
1989, 1991, 1992). Table 2 summarizes I/O ozone ratios
measured by numerous investigators in a variety of
building types. These I/O ratios range from 0.05 in
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Fig. 1 Outdoor and indoor ozone levels (ppb) at a telephone office
in Burbank, California, USA. (Weschler et al., 1994b)

buildings that are tightly sealed or use charcoal fil-
tration to 0.85 in buildings that have very high air ex-
change rates. Excluding the extremes, the I/O ratio is
more often in the range of 0.2 to 0.7. The large number
and range of values presented in Table 2 can be sys-
tematized with a relatively simple expression (Weschl-
er et al., 1989):

I/O " Ex/{kd(A/V) # Ex} 1

where
Ex is the rate at which the indoor air is replaced with
outdoor air (air exchange rate), in units of hª1; kd is
the ozone deposition velocity, in units of m hª1; A is
the total surface area within the room, in units of m2;
V is the volume of the room, in units of m3.

In words, the I/O ratio for ozone can be approxi-
mated by the ratio of the air exchange rate to the sum
of the air exchange rate and the surface removal rate,
kd(A/V). Equation 1 derives from the fact that dilution
and surface removal of ozone are normally much faster
than the time variation of the outdoor ozone concen-
tration and, hence, a quasi-steady state situation may
be assumed.

Factors that Influence Indoor Ozone
Concentrations
Overview
The indoor ozone concentration depends on the out-
door ozone concentration, the rate at which indoor air
is exchanged with outdoor air, indoor sources of ozone,
the rate at which ozone is removed by indoor surfaces,
and reactions between ozone and other chemicals in
the air. The relationship between these sources and

Typical I/O: 
0.05 – Tightly sealed or charcoal 

 filtration 
 
0.85 – Highly Ventilated Buildings 

Sources: C. Weschler, Indoor Air, 10, 269, 2000; C. Weschler et al, in: Vostal, JJ Tropospheric Ozone, 236-254 

We know that UFP’s are hazardous, they are produced in indoor environments, and 
ozone is a cause for some of these emission sources.  Since we can control the 
concentration of indoor ozone with filtration, is this a good enough reason to do so? 



Intake Fraction 
 

Intake Fraction
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mass emitted), and toxicity (health impact per mass inhaled). In the ideal situation, one would
know all three terms for all major emission sources. However, as we describe below, one can gain
important insight even without complete information. This chapter focuses on the second term in
this relationship (intake fraction).

 

10.4 WHAT IS INTAKE FRACTION?

 

Intake fraction summarizes in a compact and transparent form the relationship between emissions
and inhalation of these emissions. Intake fraction is useful in connecting emissions to effects because
mass inhaled is a much better indicator of potential adverse health impacts than either mass emitted
or airborne concentration.

The emission-to-effects relationship involves a series of causally related steps. As illustrated
in Figure 10.1, emissions are transported and transformed to generate pollutant concentrations that
generally vary in space and time. Human encounters with concentrations constitute exposures, and
inhalation of pollutants results in intake. Pollutant transfer into the body of an exposed individual
leads to doses to physiological targets, such as organs, which in turn can elevate the risk of adverse
health effects. Intake fraction quantitatively summarizes an important portion of this chain of events
by describing the emission-to-intake relationship as a single number.

Intake fraction should be understood to be a metric not a method. Like emissions and concen-
trations, intake fraction can be determined through several different methods. Investigations that
generate intake fraction results can range from simple to complex and can rely on modeling or on
experimental measurement.

Intake fraction for a primary pollutant is the total mass inhaled from an emission source divided
by the total mass emitted from that source. The emission source evaluated in the denominator can
be a single emitter, such as an industrial stack or a cigarette, or a broad source class, such as motor
vehicles or household cleaning products. When considering an entire population, the value of the
numerator would be the cumulative mass inhaled by all exposed individuals. When considering a
subpopulation or an individual, the value in the numerator would be the mass inhaled by that
subpopulation or individual. Mass inhaled can be determined as the average intake rate multiplied
by exposure duration.

The expression can be evaluated in terms of cumulative intake per unit emissions for a release
episode. In this case, both numerator and denominator would have units of mass. Or, for processes
that continuously emit pollutants, the intake fraction can be evaluated as the ratio of the time-
averaged inhalation rate to the time-averaged emission rate. In this case, both numerator and

 

FIGURE 10.1

 

The air-pollution emission-to-effects paradigm. (After Smith 1993.)
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Source: J. Marshall and W. Nazaroff, Exposure Analysis 2006  

iF = mass of pollutant intake / mass of pollutant emission 

iFindoors > iFoutdoors 

Intake fraction measures how much of an emission is inhaled 
by any human, and is a metric for the magnitude of the health 
effect of a particular source 



Personal Reactive Cloud 

Source: D Rim, A Novoselec, G Morrison, Indoor Air 19, 324, 2009 

iFnear person > iFindoors > iFoutdoors 

“Pigpen” Effect •  Personal monitoring 
devices consistently 
show higher levels then 
nearby monitors   

•  Particles/gases “cloud” 
inside a person’s heat 
plume 

•  Personal reactive cloud 
expands this concept to 
include reactions that 
occurring inside the 
“cloud” 



The Role of Personal Care Products 

  Personal care products are applied to our skin and 
well within our personal reactive cloud 
  Primary emissions with fast reaction times 
  Surface reaction products 

  They have emissions on the order of hours 
  Fragrances emit for as long as it can be smelled 
  Products that coat have opportunities to react with ozone until 

they are removed 



Experimental Scope 

Water-Based 
Condensation 
Particle Counter 
(WCPC) 

HEPA 
Filter 

Activated 
Carbon Filter 

Laboratory 

Air UV Ozone 
Generator 

Ozone 
Measurement 

Reaction Chamber  
with Test Sample 

Optical Particle 
Counter (OPC) 

We are exploring whether or not ultrafine particle production 
is present when ozone reacts with personal care products 

MSP Corp, model 
1120 WCPC 

A differentially heated chamber is 
used to recreate the personal cloud 



Status and plans 

  Current Status 
  Building experimental setup 
  Purchasing Singaporean and American samples 

  Projected: 6 months 
  Primary data collection completed 
  Data analysis and seek publication 

  Begin work on next phase 
  Based on current findings 



Implications with SinBerBEST 

  Ultrafine particles have an effect on human health 

  Indoor environments and near person emissions of 
particles have amplified effects 

  If personal care products are a significant source of 
inhaled UFP’s it may be worthwhile to address it 

  In order to balance energy consumption, 
productivity and healthfulness it is important to 
know what emissions should be controlled 


