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Abstract

The work presented here is a study of the behaviour of the particulate phase of ETS under controlled laboratory
conditions and in real indoor environments with the aim of providing information for assessment of human exposure
to ETS. This paper reports investigations of the size distribution of ETS and changes to the distribution with time
under a range of environmental conditions. Measurements were performed using two instruments, the Scanning Mobility
Particle Sizer and the Aerodynamic Particle Sizer, which enabled the determination of the precise locations of ETS
peaks at frequent short time intervals. While total particle concentrations or changes in concentrations are not specific
markers of ETS. peaks related to ETS in the spectral distribution of atmospheric particles, for a properly designed
experiment, are. The presence and locations of these peaks are characteristic of ETS in indoor environments and are
clearly distinguishable from the background particle distribution. It is demonstrated that an initial ETS size distribution
in an indoor environment about 10 min after generation by a human smoker has a major peak in the submicron range
between 60 and 90 nm. The location of the peak does not depend on the relative humidity, but does depend on the
way the cigarette is smoked. An increase in particle size in the range of 20 to 50%, takes place in the first 30 to 60
min after ETS generation and then remains unchanged for the duration of the experiment. A decrease in particle size
(shrinkage), was not observed during these experiments. Particle shrinkage has been reported in the literature. Both
the SS and the MS smoke reveal bimodal size distribution. In both cases the most significant, in terms of particle numbers,
is the submicron peak. Natural ventilation, which is the most common type of ventilation for residences, is often not
sufficient for effectively reducing human exposure to ETS. Controlled chamber experiments are useful for investigations
of general trends in ETS size distribution and concentration and the results from such experiments, in most cases,
correlate well with those from real indoor measurements. There are however, aspects which show certain differences
between the two types of experiments. These differences indicate that chamber experiments can not fully simulate indoor
measurements, and results from such experiments should be treated with cantion when applied to exposure assessment.
© 1997 Elsevier Science B.V.
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1. Introduction

Environmental tobacco smoke (ETS) is one of
the most common man-made airborne pollutants
yet is difficult to comprehensively characterise
because of the complexities of the cigarette com-
bustion process and of particle interactions.

Several thousand chemicals are produced by a
burning cigarette {Baker, 1980). The products, the
composition of which varies with burning condi-
tions, are distributed between the gas phase and
aerosol particles.

Major differences in product composition and
concentration are observed between mainstream
smoke (MS) which is smoke drawn through the
tobacco and taken in by the smoker, and side-
stream smoke (SS) which is emitted by the smoul-
dering cigarette between the puffs (Johnson et al.,
1973).

Once generated and introduced to the air, both
gas and particle phases interact with each other
(gas to particle conversion), with atmospheric
aerosols and with the environment. Human expo-
sure to ETS is affected by these interactions.

While numerous studies have been performed
over several decades on the chemistry of ETS, its
physical characteristics and its epidemiological
impact, the mechanisms of ETS interactions with
other components of the air under various envi-
ronmental conditions are not fully understood
due to difficulties in the experiments and in analy-
sis of the data in terms of the fundamental pro-
Cesses OCCurring.

One fundamental problem is that comprehen-
sive characterisation of ETS requires measure-
ments of different airborne chemical compounds
in different physical forms, necessitating the use
of a number of different instruments.

As a result, the characterisation exercise be-
comes complicated and costly and in many cases,
not feasible. To simplify this, certain parameters
or compounds have been identified as ETS mark-
ers. Among the most commonly used markers are
suspended particles, carbon monoxide and
nicotine. Other markers include alkanes (Ramsey
et al.. 1990), solanesol, ultraviolet particulate mat-
ter and fluorescent particulate matter as indicators
of particulate phase and 3-ethenylpyridine as an
indicator for the gas phase (Nelson et al., 1992).

In principle, the markers should provide a good
overall characterisation of the smoke. None of
these markers is ideal because it is either not
specific to ETS (like particles) or does not neces-
sarily represent the behaviour of smoke in general
(Rando et al., 1992). A good example is nicotine
which is specific to ETS and important because of
its addictive properties, but it is not found in a
consistent ratio to other ETS constituents (Nelson
et al., 1992) and the equilibrium between its par-
ticulate and vapour phases is unstable (McAughey
et al., 1993). The use of multiple markers is often
suggested as a remedy for these problems, adding
to the experimental complexity.

The particulate phase of ETS is of special im-
portance because it contains significant ETS com-
ponents, for example all of the tar and most of
the nicotine (First, 1985), and it can remain sus-
pended in the air for long periods of time.

Experimental problems with characterisation of
particulate phase are, firstly, related to the fact
that the greatest numbers of ETS particles are in
the submicron size range. Particles in this range
can be detected only by using sophisticated instru-
mentation, which is costly and requires a skilled
operator. Secondly, interactions of ETS particles
in the air involve a number of physical and chem-
ical processes which should be identified and in-
cluded in the planning stages of the experiment.
Finally, data analysis involves complex mathe-
matical procedures and the application of theoret-
ical models which provide only simplified
approaches to the problems.

The previously cited experimental investigations
on the behaviour of ETS particles in the air and
on interactions with other constituents of the air
were, in most cases, performed under strictly con-
trolled laboratory conditions with a focus on one
particular aspect. Most often, cigarettes were spe-
cially selected (or research cigarettes were used)
and stored, and the measurements were structured
to provide ideal conditions: for example rapid
dilution of the generated smoke to prevent coagu-
lation, separation of side stream smoke (SS) from
main stream smoke (MS) etc. Smoke behaviour is
often analysed for a very short period of time
after generation, ranging from seconds to a few
minutes. Such measurements provide reproducible
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results for the particular brand of cigarettes used
and for particular laboratory conditions but can
rarely be applied to the characterisation of ETS
under natural environmental conditions or to
health risk analysis.

While there is value in such measurements,
there is a need for measurements to be performed
under conditions which are closer to natural envi-
ronmental conditions. The results of such mea-
surements will be more applicable to human
exposure analysis and to risk assessment. The
experiments should aim more at establishing gen-
eral trends of ETS behaviour under a variety of
natural environmental conditions, and determin-
ing the actual ranges of particle concentration and
size distributions, rather than at trying to estab-
lish the repeatable conditions necessary for single
numbers for concentrations and peak locations to
be determined.

Many investigations concentrated on ETS (or
MS or SS) behaviour immediately after the smoke
was formed. Although this is important for the
fate of the smoke in the air, from the point of
view of human exposure it is at least of equal
importance to establish ETS behaviour in the air
during the entire period of time when it consti-
tutes an exposure danger. Being in the cumulative
size range, the lifetime of ETS in the air depends
strongly on the air exchange rate and other envi-
ronmental factors and could be up to several
hours.

The properties of MS smoke emerging from a
cigarette during a puff are of importance in as-
sessment of exposure of the smoker to this com-
ponent of smoke only. MS smoke is inhaled by
the smoker shortly after formation in the cigarette
and only a certain amount of it, with changed
characteristics, is exhaled, contributing to air-
borne ETS. Measurements of MS smoke immedi-
ately after formation are particularly complicated
because of the short time scale (of a few seconds)
during which they can be conducted.

Most of the smoke is introduced to the air in
the smouldering SS phase which, is inhaled by
both smokers and non smokers (Davies, 1988).
Inhalation of SS smoke does not take place imme-
diately after it is formed, but sometimes hours
later.

Changes in the characteristics of ETS upon
aging under realistic smoking conditions have not
attracted sufficient attention and there is little
information about systematic studies being con-
ducted on this issue.

The aims of the work presented here are two
fold. Firstly to perform systematic investigations
on the behaviour of ETS particulate phase in the
air under controlled laboratory conditions and in
real indoor environments for a period of time of
up to a few hours in order to provide information
necessary for human exposure investigations. Sec-
ondly, to evaluate to what extent chamber experi-
ments  simulate real indoor environment
conditions.

These were achieved by investigations of size
distribution of ETS and changes to the distribu-
tion with time and under a range of environmen-
tal conditions. The measurements were performed
using two instruments, the Scanning Mobility
Particle Sizer and the Aerodynamic Particle Sizer
(details of the instruments are provided below)
which enabled the determination of the exact
locations of ETS peaks almost instantaneously.
While total particle concentrations or variations
in the concentrations are not specific markers of
ETS, peaks related to ETS in the spectral distri-
bution of atmospheric particles for a properly
designed experiment, are. The presence and loca-
tion of these peaks are characteristic of ETS in
indoor environments and the peaks are clearly
distinguishable from the background (indoor and
ambient) particle distribution.

In the course of these studies, no systematic
investigations were performed on differences in
particle size characteristics between different
brands of cigarettes or different smokers.

Studies on ETS interactions are also of value in
the understanding of the interaction processes of
many other types of aerosols. in particular those
resulting from other combustion processes.

2. Experimental technique

The experimental equipment consisted of an
experimental chamber, the Scanning Mobility
Particle Sizer (SMPS), the Aerodynamic Particle
Sizer (APS) and an ETS generator.
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2.1. Experimental chamber

The large experimental chamber of volume 3
m* was designed such to ensure a uniform flow of
the air introduced to the chamber. This was
achieved by locating perforated inlet and exit
manifolds in opposite corners of the chamber.
The air exchange rate for the chamber was con-
trolled at 0.6 h~'. For most of the experiments,
chamber air was drawn from the laboratory and
air from the chamber exhausted into a fumehood.
Some of the measurements were performed with-
out environmental aerosol present in the chamber,
the inlet air being filtered by a HEPA filter.
Humidity in the chamber was controlled by pass-
ing the air through a column chilled with liquid
nitrogen before introducing it to the chamber to
lower the humidity or by introducing water va-
pour to increase humidity. When water vapour
was introduced to the clean chamber with no
ETS, no changes in the background particle size
distribution or concentration were observed. A
small fan was installed in the chamber to ensure
uniform mixing after ETS was introduced to the
chamber. Under such conditions dilution of ETS
was similar to normal smoking conditions.

2.2. Size distribution measurements

The TSI Model 3934 SMPS was used for size
classification of submicron particles in the range
from 0.01 to 0.9 ym. The instrument was con-
nected to the chamber at approximately half
height of the chamber by a very short connecting
tube in order to reduce losses of particles on the
walls of the tube. Larger particles in the range
from 0.5 to 30 um were studied with the TSI
Model 33 APS. This latter instrument became
available at a later stage of the project and was
not used for measurements in residential loca-
tions.

2.3. ETS generator

An ETS generator was developed for the pur-
pose of these studies. The generator was designed
to simulate the following aspects of the smoking
patterns of the tobacco user: (i) the frequency.

period and volume of inhalations; (ii) the deposi-
tion of mainstream smoke in the lungs of the
smoker. It did not, however simulate the chemical
and physical changes that occur in the main-
stream smoke whilst in the smokers lungs.

The cigarette is contained within the Cigarette
Chamber, a perspex cylinder into which three
tubes are connected. One is the mainstream line
into which the cigarette is inserted, another is the
sidestream line and the third is the return. A
flowmeter incorporating a flow restriction valve is
included in the mainstream line so that the flow
rate through the cigarette may be adjusted. Both
the mainstream and sidestream lines enter a uni-
versal valve which selects, under computer con-
trol. which line is open.

A low throughput diaphragm pump draws al-
ternately on mainstream and sidestream smoke.
The smoke then flows through a second universal
valve which rejects, through a filter, every second
mainstream inhalation. This simulates the deposi-
tion of smoke in the smokers lungs. Various
studies have shown that the proportion of smoke
deposited in the smokers lungs varies greatly,
however the average is approximately 50% (First,
1985).

The operation of the two universal valves and
hence the smoking regime is user controlled by a
PC through a Microbits interface card.

The same commercially available brand of
cigarettes was used for all the measurements. The
cigarettes were stored in an air conditioned labo-
ratory and were not specially treated.

2.4. Experimental procedure

The experimental procedure involved the fol-
lowing steps:

— Purging the chamber with laboratory air or
alternatively with air passed through a HEPA
filter.

— Establishing a desired humidity level in the
chamber. Measurements were performed for
relative humidities (RH) of 38-42%, 50-55%.
75% and 95%.

- Measurements of size distribution and concen-
tration of background aerosol in the chamber.
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— Introduction of ETS to the chamber. Different
regimes of ETS generation were employed:
A—4 puffs per min, 2 s puff duration; vol-
ume of a puff 27 ecm?, 50% of MS smoke +
100% SS smoke
B—-only SS smoke
C—only MS smoke, 2 s puff duration, vol-
ume of a puff 27 cm?
D—-7 puffs per min } puff duration, volume
and MS to SS ratio the same as (a) above
E—1 puff per min
- Measurements of the size distribution and con-
centration of ETS in the chamber. The first
measurement was performed 10 min after ETS
was introduced to the chamber and further
measurements at intervals of 10 min for the
first half an hour and at intervals of 30 min for
the remainder of the experiment. The duration
of cach experiment was 180 min or until ETS
peaks were no longer clearly distinguishable
from the background.

In one test, in addition to environmental aero-
sol and ETS, smoke from a small petrol engine
was introduced to the chamber to investigate the
behaviour of a mixture of ETS with another
combustion product.

2.5. Indoor measurements

Three residential houses and two university
clubs were selected for these measurements. The
measurements were performed under controlled
or semi controlled ventilation conditions. There
was no control over temperature and humidity,
but care was taken to perform the measurements
during stable weather conditions.

Two of the selected houses were modern brick
houses (houses 1 and 2) and one was an old
timber ‘Queenslander’ style house, clevated and
with high ceilings (house 3).

In each of the houses, measurements were per-
formed for two ventilation rates. Minimum venti-
lation occurred when all windows and doors of
the house were closed and ‘normal’ ventilation
occurred when only certain windows were open.

The relative humidity during the measurements
was in the range from 38 to 58%.

Club 1 selected for the measurements was a
large room, approximately 600 m* with a ceiling
height of 3.5 m. There was no mechanical ventila-
tion installed in the club; however, a number of
large windows were almost always opened to in-
crease the air exchange rate. Club 2 was approxi-
mately three times smaller than Club 1.

In residential locations measurements com-
menced after one cigarette was smoked in the
centre of a room selected for investigations and
were conducted (also in the centre of the room)
until the ETS peak was no longer clearly distin-
guishable from the background indoor particle
distribution. Background measurements of indoor
and ambient particle size distribution were con-
ducted before ETS was introduced to the indoor
environment. Measurements in the clubs were
performed with varying numbers of smokers
present in the club and during a rock concert.
Background ambient aerosol condition was moni-
tored during the measurements.

The ETS for residential measurements was gen-
erated by a person smoking one cigarette. Initial
tests revealed that the concentration of the smoke
produced by the generator was lower than that
generated by a smoker. A higher initial concentra-
tion was desirable for studies on particle be-
haviour trends.

3. Results and discussion

Most of the laboratory measurements were per-
formed for generator-produced ETS in the cham-
ber. Attempts were made to establish whether the
generator-produced ETS differs markedly in size
distribution from smoke produced by a human
smoker. A comparison was made between SS
smoke produced by the generator, coming from a
smouldering cigarette placed directly in the exper-
imental chamber, and from a cigarette smoked by
a person, of which only SS smoke was introduced
to the chamber. A similar comparison was done
for generator and human produced MS smoke.

Fig. 1 presents size distribution of SS smoke of
one cigarette smoked by a person. Measurements
performed with the SMPS and APS are presented
on one graph. Smoking duration was 7 min with
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puff frequency of about 4 per min. In this experi-
ment, Count Median Diameters (CMD) of the
submicron peak was 136 nm with the geometric
standard deviation of 1.77. Volume median di-
ameter of the submicron peak was 334 nm and
geometric standard deviation of 1.57. Very similar
results were obtained with a smouldering cigarette
left in the chamber. In this case, CMD was 135
nm, geometric standard deviation 1.75, volume
median diameter 332 nm and geometric standard
deviation 1.58. These results were very close to
those obtained by using the generator: CMD was
135 nm, geometric standard deviation 1.86 nm,
volume median diameter 292 nm, geometric stan-
dard deviation 1.55. This comparison proves that
the size distribution of generator produced SS
smoke is a good representation of real SS smoke.

It is demonstrated in Fig. 1 that as well as the
major submicron peak, there is a second peak
present in the SS smoke spectrum. The particle
number in this peak is significantly lower than in
the submicron peak. The CMD of the larger peak
is 3.9 ym and geometric standard deviation 4.5.

The size distribution of MS smoke produced by
a human smoker is presented in Fig. 2. In this
particular case, the CMD of the submicron peak
was 238 nm, geometric standard deviation 1.65,
volume median diameter 391 nm and geometric
standard deviation 1.34.
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Fig. 1. Size distribution of side stream smoke (SS) produced by
a human smoker. The measurements were performed indepen-
dently by the SMPS and APS and are presented on one
diagram.
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Fig. 2. Size distribution of main stream smoke (MS) produced
by a human smoker. The measurements were performed inde-
pendently by the SMPS and APS are presented on one dia-
gram.

Inspection of Fig. 2 reveals that MS smoke is
also bimodal with the second mode of very low
concentration, with CMD estimated to be 3.4 um
and geometric standard deviation 1.9. This mode
is better defined than the second mode in the SS
smoke spectrum and the particle concentration in
this mode is higher than in the SS smoke mode.

MS smoke produced by the generator differs
significantly from that exhaled by a human
smoker, the particles being smaller and having
CMD of about 110 nm. The geometric standard
deviation of a peak from one cigarette is about
2.3. Tts higher value is due to usually much lower
smoke concentration.

For a human smoker, the number concentra-
tion ratio of MS to SS smoke in the air was about
0.2 but there were no systematic studies made of
the variability of this ratio. However, from the
different generator tests performed, it was con-
cluded that it was typically between 0.14 and 0.25.

The measurements presented here show that
both SS and MS smoke are bimodal. Previously
Chang et al., 1985 and Ueno and Peters, 1986
reported a bimodal distribution for MS smoke
only. Ueno and Peters, 1986 also reported that
the size distribution of SS smoke was very broad
in comparison with MS smoke and there were no
major differences in geometric standard deviation
between the two types of smoke.
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Variations in peak shape and location between
the measurements taken at 10 min and 180 min
after smoke introduction to the chamber are pre-
sented in Fig. 3. These measurements were per-
formed for RH of 75% and smoke generation
regime of type A. During the latter measurement,
the ETS peak is still clearly distinguishable from
the background environmental aerosol spectrum.

For all the measurements smoke from one
cigarette was introduced to the chamber. The
smoke generation and dilution processes were al-
ways the same, however, significant variations in
particle concentration were encountered between
individual tests. It is thought that variations are
most likely associated with differences in cigarette
characteristics.

While in all the tests performed, SS smoke
particles produced by the generator were larger
than MS smoke particles, the initial particle size
for both SS and MS smoke depends on the smoke
generation procedure and also varies with
cigarette brand. For example, a small increase in
flow rate during puff simulation can result in an
increase in MS smoke particles of over 30%.

Fig. 4a and b show the dependence of peak
location and concentration on time for RH of
42%., 58%, 75% and 95%. Although these mea-
surements were performed in the absence of envi-
ronmental aerosol in the chamber, results were
very similar for measurements performed with
environmental aerosols in the chamber.
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Fig. 3. ETS size distribution at the beginning and at the end of
the measurement period. ETS was generated according to
smoking regime A (see Section 2.4.).
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It can be seen from the results presented in Fig.
4a that peak location at the beginning of the
measurements, 10 min after introduction of ETS
to the chamber, does not depend on relative hu-
midity.

For lower relative humidities of 40-42 and
52-58% the peak location remains almost un-
changed for the duration of the experiment (180
min). Small increases (up to 10%) sometimes takes
place after 10 or 30 min.

For higher relative humidities of 75 and 95%
the peak location shifts towards larger values
during the entire measurement period. The effect
is more significant for RH of 95% where the total
growth of particle is up to 175%. For RH of 75%
the total growth of particles is up to 65%.
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The increase in particle size at higher humidities
observed in these studies is not in agreement with
the results of Kousaka et al. (1982) who reported
particle growth only at supersaturation condi-
tions, not at 100% or lower relative humilities.
The reason for this could be the differences in
time scale of the investigated processes. While in
this study ETS ageing was investigated for up to
180 min after formation, Kousaka’s studies fo-
cussed on the period between 10 and 20 s after
smoke formation.

The decrease of ETS particle concentration in
the chamber can be represented by an exponential
dependence:

Clry=Cye

where C, ts ETS particle concentration at the
beginning of the experiment, C(¢) is the concen-
tration of time ¢, and « is constant.

For lower humidities where peak locations re-
main more ot less unchanged, the value of 4 was
found to be 0.57 h '. This value corresponds well
with the value of 0.6 h ~!. the average exchange
rate in the chamber. This suggests that ventilation
was the dominant removal process for ETS parti-
cles In the chamber. being significantly more im-
portant than the wall deposition process. More
complex analysis would have to be performed on
the concentration decreases at higher humidities
where particle growth by coagulation contributes
to the concentration depletion.

Fig. Sa presents the size distribution of petrol
smoke from a small generator introduced to the
chamber and Fig. 5b presents a mixture of petrol
smoke and ETS.

Fig. 6 shows the dependence of peak location
on time for petrol smoke and a mixture of petrol
smoke and ETS. No environmental aerosol was
present in the chamber during these measure-
ments and RH was in the range 55-60%.

The initial peak location for petrol smoke is
significantly below the peak locations for ETS
and changes slightly towards large sizes with time
for RH of 60%. A mixture of ETS and petrol
smoke (of more or less the same concentration)
produces a broad peak which slightly changes
towards larger sizes tor the first 100 min of the
measurement and then remains constant.

Fig. 7 presents the dependence of CMD of ETS
and aerosols from frying food as a function of
time for static conditions (air exchange rate in the
chamber close to zero), the relative humidity dur-
ing the measurements being about 50%. For both
of these measurements particle growth continued
during the entire measurement period. In the case
of the dynamic conditions discussed above, the
peak location remained unchanged after initial
growth, suggesting that growth did not continue.

Particle growth is governed by Brownian coag-
ulation and heterogenous evaporation (for unsat-
urated vapour conditions) which in theory can
balance each other. For a zero air exchange rate
when the decrease in particle concentration was
due to deposition and coagulation only and was
very slow, particle growth continued throughout
the experiment. In the light of this, it can be
concluded that for dynamic conditions with de-
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creasing particle concentrations, the rate of coag-
ulation was reduced by dilution and growth oc-
curred much more slowly than in the static case.

The decrease of particle concentration, under
static conditions in the chamber, was due to wall
deposition and particle coagulation. In the ab-
sence of ventilation, surface deposition is one of
the main removal mechanisms of airborne aerosol
particles. Under normal environmental condi-
tions, the ventilation process is usually the domi-
nant process in particle concentration reduction in
comparison with surface deposition. As most of
the studies performed here were for dynamic con-
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Fig. 7. Count median diameter of ETS and aerosol resulting
from frying food vs. time for static conditions in the experi-
mental chamber.
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Fig. 8. Concentration and count median diameter of ETS vs.
time in House | (brick house) with (a) minimum ventilation
and, (b) normal ventilation. RH was in the range of 34-45%.

ditions, surface deposition was not investigated.
Systematic studies of surface deposition were pre-
sented previously (Morawska and Jamriska.
1996). The results of chamber experiments for
static conditions are inciuded here to shed more
light on particle interactions in the air. Such ex-
periments provide, however, only limited informa-
tion for exposure analysis. The half life of the
ETS peak in the chamber under static conditions
in these experiments was found to be of the order
of a few hours. For comparison, Duc and Huynh,
1987 found that the half life for particles < 0.3
um in a chamber was 25.5 h.

The dependence of particle CMD and of con-
centration on time for minimum and normal ven-
tilation in house 1 (brick house) are presented in
Fig. 8a and b and for house 2 (brick house) for
minimum ventilation, in Fig. 9.
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Fig. 10a and b present results of similar mea-
surements for house 3 (wooden house). The rela-
tive humidity during these measurements ranged
from 36 to 58%%.

Figs. 8-10 show that for minimum ventilation
in a brick house a distinctive ETS peak is present
in the air. even 3 h after one cigarette was
smoked. while in a wooden house the peak is
present tor up to 2 h. Similar conclusions as to the
concentration changes in the submicron ETS peak
in a residential location of low air exchange rate,
were drawn by Li et al., 1993.

For rormal ventilation these times were re-
duced to about 1 h for a brick house and less than
half an hour for the wooden house. An increase in
ventilation significantly reduced exposure in both
cases, nevertheless exposure time was still consid-
erably long. When concentration remains high for
longer time (as in the brick house at minimum
ventilation) the CMD of the peak increases from
about 90 to about 150 nm. At lower concentra-
tions. the size distribution does not markedly
change. These results are consistent with chamber
experiments discussed above and can be explained
by a slowing down of the coagulation process and
particle growth at lower concentrations.

The air exchange rate was estimated from an
exponential decay model as described above for
the chamber. and was in the range of 0.55 to 0.79
h~! for the measurements performed in brick
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Fig. 9. Concentration and count median diameter of ETS vs.
time in House 2 (brick house) with minimum ventilation. RH
in the range 53-58%.
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Fig. 10. Concentration and count median diameter of ETS vs.
time in House 3 (wooden house) with (a) minimum ventilation
and, (b) normal ventilation. RH was in the range 35-39%.

houses for minimum ventilation, and fsom 1.93 to
4.48 h ! for normal ventilation. For the measure-
ments performed in the wooden house, the values
were 1.05 and 4.73 h ! respectively.

Fig. 11 presents results for aging of ETS in
house 1 for measurements performed at a high
relative humidity of 85%. The increase in particle
size for these measurements did not appear to be
as significant as it was during chamber measure-
ments performed at similar humidities.

Measurements of ETS characteristics in Club 1
showed that at most times when the number of
smokers was small ( < 10), the smoke concentra-
tion decreased rapidly with time and the ETS
peak was not detectable 10-15 min after a
cigarette was smoked. Under similar conditions in
Club 2, the presence of ETS peak was detectable
only immediately after and near to where the
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Fig. 11. Concentration and count median diameter of ETS vs.
time in House 1 with minimum ventilation. RH was 75%.

cigarette was smoked. However, when the number
of smokers was large, for example, during a rock
concert, ETS concentration in the room was very
high. up to 5 x 10* particles cm ~* and character-
ised by the stable, well defined broad peak shown
in Fig. 12. Fig. 13 shows the time evolution of
ETS in Club 1 during the concert.

The results of indoor experiments on ageing of
ETS indicate that there is always an increase in
particle size and particle shrinkage in the smoke
almost never takes place. Shrinkage of ETS with
time was reported by Guerin et al., 1987 and
Ueno and Peters, 1986.

The initial CMD of the submicron ETS mode
for all the residential and club measurements was
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Fig. 12. Size distribution of ETS in Club 1 during a rock
concert.
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Fig. 13. Concentration and count median diameter of ETS vs.
time in Club 1 during a rock concert.

lower than for the chamber measurements and
was in the range from 60 to 90 nm. The lower
value was for Club 1 where ETS was a mixture of
smoke generated by a large number of smokers.
As discussed before, the SS smoke in the chamber
experiments had CMD of about 135 nm, and MS
smoke generated by a smoker was over 200 nm.
The reason for the discrepancy between chamber
experiments and real indoor measurements is not
clear and is currently being investigated further. It
is expected that it could be related to some envi-
ronmental factor not taken into account during
chamber experiments. These factors would not
necessarily be related just to the size difference
between the chamber and interiors of the houses,
as care was taken to conduct measurements for
levels of particle concentrations of the same order
of magnitude.

Particle sizes reported in the literature are scat-
tered over a large range of values. For SS smoke,
number median diameter of 0.10 ym was reported
by Ueno and Peters (1986), 0.16~0.17 um by
Ishizu et al. (1980), 0.24 gm by Porstendorfer and
Schraub (1972) and 0.52 to 0.67 by McCusker et
al. (1980). For MS smoke Chen et al. (1986)
reported values from 0.23-0.44 um, Chang et al.
(1985) 0.235 um and McCusker et al. (1982),
0.44-0.43 pum.

The considerable variations in the reported val-
ues could be the result of variations in smoke
generation methods and the use of different in-
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strumentation. The CMD of SS smoke and MS
smoke determined in this study for the chamber
and indoor measurements are at the lower end of
values reported in the literature.

The ETS characteristics presented here are fo-
cused on number concentration and peak location
of the dominant ETS peak, not on the total
particulate mass or size dependent particulate
mass. Many researchers use particulate mass as an
ETS marker, or indicator of ETS exposure. For
example, Quant et al., 1982 based their ETS stud-
ies on PM,, mass fraction measurements. PM, s
mass concentration. and its relation to nicotine
concentration, was used to characterise air quality
with respect to ETS in a number of public build-
ings by Miesner et al., 1989; in these studies,
PM, 5 mass concentration ranged from 6.0 to 550
pg m~* with higher concentrations detected in
smoking rooms or subway stations.

As demonstrated above, the greater number of
ETS particies is in the submicron mode. For this
reason, PM,  fraction will be a better characteris-
tic of the mass in the submicron mode. Even then,
the larger mode contributes a significant fraction
of the total ETS mass. Of interest for the expo-
sure assessment would be an investigation of the
distribution of toxic substances between the two
modes.

4. Conclusions

The resuits presented here provide a good base
for studies on human exposure to the presence of
ETS in indoor environments. In this work, the
size distribution of ETS and changes to the distri-
bution with time were investigated under a range
of indoor environmental conditions. The size dis-
tribution spectrum of ETS is a good representa-
tion of and a good marker for the ETS particulate
phase. The presence and location of ETS peaks
are specific to ETS in indoor environments and
the peaks are clearly distinguishable from the
background particle distribution. These measure-
ments do not, however. provide information on
the gas/vapour phase of the smoke. If information
on a specific gas substance is required rather than
on general trends of ETS behaviour. this sub-

stance should be investigated separately in addi-

tion to the investigations on the particulate phase.

General conclusions from these studies are as

follows:

—~ An initial ETS size distribution in an indoor
environment about 10 min after generation by
a human smoker, has a major peak in the
submicron range between 60 and 90 nm. The
location of the peak does not depend on the
relative humidity but does depend on the way
the cigarette is smoked. The values presented
here are at the lower end of values reported in
the literature.

— The particle size increases between 20 and 50%
during the first 30 to 60 min after ETS genera-
tion and then remains unchanged for the dura-
tion of the experiment. The smaller the size of
ETS, or combustion aerosol in general, the
faster the particle growth and the larger the
relative increase in size. A decrease in particle
size (shrinkage), was not observed during these
experiments. Particle shrinkage has been re-
ported in the literature. It is possible that it
takes place in a very short time after smoke
generation, in the order of seconds.

— Natural ventilation which is the most common
type of ventilation for residences is often not
sufficient to effectively reduce human exposure
to ETS. A high concentration of ETS was
recorded up to 3 h after smoke generation,
depending on the air exchange rate.

— Both the SS and the MS smoke reveal bimodal
size distribution. In both cases the most signifi-
cant, in terms of number, is the submicron
peak. The peak at larger particle size, better
defined for MS than for SS, has particle con-
centrations several orders of magnitude lower
than the submicron peak. The CMD of this
peak is located between 3 and 4 xm.

— The submicron ETS particles constitute poten-
tially higher health hazard than the larger
mode. due to their ability to deposit deeper in
the respiratory tract and due to their large
numbers. Larger particles deposit predomi-
nantly in the nasal area in normal nasal breath-
ing. Of significance for better exposure
assessment would be to investigate the distribu-
tion of toxic substances between the two
modes.
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~ Controlled chamber experiments are useful for
investigations of general trends in ETS size
distribution and concentration and the results
from such experiments, in most cases, correlate
well with those from real indoor measurements.
There are however, aspects which show certain
differences in the two types of experiments. For
example, an initial CMD of the submicron
peak is systematically shifted towards larger
values for the chamber experiments in com-
parison with indoor ones. Another example is
the larger particle growth at higher humidities
for the chamber experiments in comparison
with indoor experiments. These variations indi-
cate that chamber experiments can not fully
simulate indoor measurements, and results
from such experiments should be treated with
caution in application to exposure assessment.
The experimental findings presented here will

be complemented by theoretical modelling of the

interaction processes currently in progress.
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