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Tobacco smoke removal with room air cleaners

by Lars Olander, Johan Johansson, Rolf Johansson'

OLANDER L, JOHANSSON J, JOHANSSON R. Tobacco smoke removal with room air cleaners. Scand
J Work Environ Health 14 (1988) 390—397. The ability of room air cleaners to remove gases and parti-
cles from air contaminated with tobacco smoke has been studied. Thirty-one air cleaners were tested. Various
air-cleaning devices were used, ie, electrostatic precipitators, electret fiber filters, ionizers, activated
carbon, impregnated alumina, ionizing lamps, and an electron generator. The airflow rates were in the
range of 0—500 m*/h. The measurements covered particle sizes of 0.01—7.5 pm and the following gases:
carbon monoxide, ammonia, formaldehyde, nitric oxide, nitrogen dioxide, hydrocarbons, and hydrogen
cyanide. No formal standard procedure exists for testing room air cleaners; therefore the tests were made
in the following way. Tobacco smoke was generated and mixed in a closed room. The room air cleaner
was started, and the decay rates for the gases and particles were measured. The results were calculated
as equivalent airflow rates, ie, the clean airflow rate causing the same decay rate for contaminant concen-
trations in a room. The equivalent airflow rates were 0—360 m*/h. The rate of ozone emission by elec-
trostatic precipitators and ionizers was also measured. One general conclusion was that it is much more
difficult to remove gases than particles.
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Alr cleaning is difficult to achieve effectively, both for
particles and for gases, and the difficulties multiply
when the intention is to clean particles and gases from
air simultaneously. One common indoor air con-
taminant is environmental tobacco smoke, which con-
sists of both particles and gases (16, 19) and is conse-
quently very difficult to remove from the air.

There are many different techniques for purifying
air of both particles and gases (2). Nearly all of these
techniques have been used in one way or another in
the room air cleaners available commercially for tobac-
co smoke. Most of these cleaners are not made espe-
cially for cleaning tobacco smoke from air, but they
are for sale as such. The price is about USD 100—2000,
and the installation is very easy. Therefore many peo-
ple have been buying room air cleaners to rid their
homes, offices, restaurants, and other places of the an-
noyance of tobacco smoke when it is hard or impossi-
ble to use other methods to diminish the problem.

Other methods of getting rid of tobacco smoke ex-
ist, and they have very different efficiencies. The most
effective is to prohibit smoking. Smoking may also be
permitted only in separate rooms, or the ventilation
in rooms with smokers may be increased.

Increased ventilation is not always easy to arrange.
In addition the intake air that ideally should be clean
is often polluted by air contaminants from cars, in-
dustries, and heating systems, and thus sometimes it
is necessary to use a cleaning system to get fresh air
into the building. Even if the outside air is clean
enough to be used without cleaning, an increased ven-
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tilation airflow rate means increased costs. The greatest
proportion of the cost of both installation and opera-
tion will be for the heating of the air, even if a heat
recovery system is used.

These circumstances have made it very popular to
use room air cleaners, ie, air cleaners small enough to
be used in ordinary offices or living rooms, as an al-
ternative for increased ventilation. The room air clean-
ers are often used for tobacco smoke but also for oth-
er air contaminants. However, there has been no sum-
mary of the efficiency of all the available air cleaners
used to clean tobacco smoke from air. During the last
few years there have been some reports on the effi-
ciency of a few cleaners with respect to some of the
contaminants in tobacco smoke (7, 17, 18), usually the
particles. The present report concerns measurements
done on nearly all available room air cleaners intended
for tobacco smoke. It shows their efficiency both for
particles and for some of the gases in tobacco smoke.

Materials and methods

The cleaners

The intention was to include all the air cleaners avail-
able in Sweden for purifying the air of tobacco smoke.
However, it was necessary to limit the cleaners to one
example of each cleaning principle from each vendor
or manufacturer. Therefore the size of the cleaners
evaluated was limited according to the following
criteria. Each air cleaner should be usable in a nor-
mal office for one to four persons. In such offices the
normal ventilation flow rate of outside air should be
around 200 m*/h, according to Swedish building regu-
lations. If the air cleaner is to have a noticeable effect
on the contaminant concentration in the room, its air-



flow rate should be equal to at least 400 m®/h because
the flow rate of the clean air from a cleaner is the prod-
uct of the flow through the cleaner and the cleaning
efficiency. If a cleaner is any good, it ought to have
a cleaning efficiency of at least 50 %. Therefore, in
order to give a so-called equivalent airflow rate (clean-
ing efficiency x airflow rate) of 200 m3/h, it should
have an airflow rate of around 400 m3/h.

An attempt was made to obtain a sample of all the
room air cleaners found on the market with an air-
flow rate of around 400 m®/h. Some of the cleaners
were not equipped with a built-in fan, and for these
we chose a size that, according to the salesman, was
suitable for the mentioned room type. In all, 31 differ-
ent types of cleaners were tested (12). These cleaners
had many different combinations of cleaning systems
for particles and gases. In fact most of the cleaners
that were intended for tobacco smoke were only clean-
ing the particles from the air.

The cleaners were divided into five groups accord-
ing to their main cleaning system for particles. The first
group consisted of six cleaners with fiber filters and
with measured airflow rates of 310—470 m*/h. Two
of the six contained activated carbon filters, and one
had impregnated alumina (Purafil®) for gas cleaning
purposes. The second group consisted of six electret
fiber filters (110—400 m?*/h). Of these one had an ac-
tivated carbon filter, one had some impregnated alu-
mina, and one had an ionizer which should clean gases
from the air. The third group consisted of five elec-
trostatic precipitators without gas cleaning equipment
(170—470 m*/h). The fourth group consisted of seven
electrostatic precipitators equipped with gas cleaning
equipment (230—550 m3/h), ie, activated carbon in six
and an ionizer in one. The fifth group consisted of
seven ionizers divided into three subgroups. The first
subgroup consisted of four ionizers, two of which had
a fan (60—100 m*/h) and one of the two had some
impregnated alumina. The second subgroup contained
two cleaners with some type of ionizing ultraviolet
lamp, and of these one had a fan (100 m:/h). The third
subgroup consisted of one cleaner with an electron
generator and a fan (probably for cooling purposes).
These descriptions originated mostly from the manu-
als or the brochures released by the manufacturers.
Only when it was not possible to get a manual was
the description made from a visual inspection of the
cleaner.

Generally the nominal airflow rates given by the
manufacturer diverged from the measured values. The
measured power consumption was 2—150 W.

The tobacco smoke

Tobacco smoke is a varying and complex air con-
taminant. It consists of liquid and solid particles of
different sizes and of inorganic and organic gases.
More than 3 800 compounds have been identified in
tobacco smoke (4). The particles, which mostly con-

sist of organic substances, can coagulate to build larger
particles, but they can also evaporate to increase the
concentration of some of the gases. The gases can react
chemically with other gases and particles. They can also
condense on particles to increase particle size. Avail-
able surfaces can act as catalysts for chemical reactions
and as precipitating surfaces for particles and as con-
densing surfaces for gases. All of these possibilities
make measurements very difficult.

Many measurements of tobacco smoke have been
reported, mostly of smoke from cigarettes under differ-
ent conditions (4). There is a difference between the
mainstream smoke and the sidestream smoke of
cigarettes. Mainstream smoke is the smoke inhaled
and, to some extent, exhaled by the smoker. Sidestream
smoke spreads from the glowing part of the cigarette
directly to the surrounding environment. It is mostly
sidestream smoke that is an irritant to other people.
Nearly always, the amount of generated contaminants
is larger in sidestream smoke than in mainstream
smoke. Sidestream smoke also contains more, and
smaller, particles than mainstream smoke. Most of the
smoke in a room is originally sidestream smoke dilut-
ed in room air, and an air cleaner should be able to
capture the types of contaminants that exist in this type
of smoke. If it does, it will also capture mainstream
smoke with high efficiency.

Because of the difficulties of generating and mea-
suring exhaled mainstream smoke, the test of the air
cleaners was done only with sidestream smoke. The
smoke was generated at two concentration levels be-
cause of the measurement systems. One concentration
was obtained from smoke from 20 cigarettes in a closed
room of 100 m* (5 m X 5 m X4 m) and the other from
smoke from one cigarette in the same room. The smok-
ing was performed according to standard smoking con-
ditions (9), which call for a 35-ml puff during 2 s once
in a minute for each cigarette. In this case each ciga-
rette was consumed in eight puffs.

Instrumentation

The particle concentrations under both measurement
conditions were measured with a Thermo-systems Inc
(TSI) electrical aerosol analyzer 3030 (22) for particle
diameters between 0.01 and 1 pm in eight intervals
(electromobility-equivalent diameters). The particle
concentrations from one cigarette were also measured
with a Particle Measuring Systems (PMS) LAS-X
analyzer (19) for diameters between 0.1 and 7.5 pm
in 15 intervals (optical-equivalent diameters).

The following gases were measured with direct-read-
ing instruments: carbon monoxide, hydrocarbons, am-
monia, nitric oxide, nitrogen dioxide, hydrogen cya-
nide, and ozone. Formaldehyde was sampled at regu-
lar intervals in impinger flasks. Carbon monoxide was
monitored with a Maihak Unor nondispersive infrared
gas analyzer (21). The decreases in the concentration
of the hydrocarbons (only relative) and ammonia were

391



Table 1. The initial concentration of gases and particles in the
sidestream smoke from 20 cigarettes in a closed room of
100 m? and the total emission per cigarette. Background lev-
els have been subtracted in the calculated yield per cigarette.

Total emission
per cigarette

Initial

Contaminant concentration

Gases
Carbon monoxide 12 ppm 59 mg
Ammonia 2 ppm 7.8 mg
Formaldehyde 0.4 ppm 2.4 mg
Nitric oxide 0.3 ppm 1.6 mg
Nitrogen dioxide 0.05 ppm 0.4 mg
Hydrogen cyanide 0.05 ppm 0.3 mg
Hydrocarbons > .
Particles (>0.03 um)
Number 3.8-101/m?3 1.9- 1012
Volume 2.4 mm3/m?3 12 mm3
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Figure 1. Number distribution of the particles in the side-
stream smoke from one cigarette in a closed room of 100 m*.
(TSI =Thermo-systems Inc, PMS = Particle Measuring Sys-
tems, D =diameter)
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Figure 2. Volume distribution of the particles in the sidestream
smoke from one cigarette in a closed room of 100 m?®.
(TSI =Thermo-systems Inc, PMS =Particle Measuring Sys-
tems, D =diameter)
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measured with two Miran 1A infrared spectrophotom-
eters at 3.4 and 10.8 um, respectively (6). Nitric oxide
and nitrogen dioxide were analyzed with a Monitor
Labs 8440E NO/NO,/NO, chemiluminescence
analyzer (8). Hydrogen cyanide was monitored with
a CEA TGM 555 continuous colorimetric analyzer (3).
Formaldehyde was analyzed with a modified chro-
motropic acid method. In each formaldehyde test five
samples were taken at regular intervals (1). The ozone
emission rates from the electrostatic precipitators and
the ionizers were measured with a Dasibi 1003 AH
ozone monitor and a Dasibi 1008 RS ozone monitor
(5). The ozone concentrations were measured at the
air outlets of the cleaners, and the background levels
were subtracted. The ozone concentration at the cross-
section of the air outlet was not uniform. It was there-
fore necessary to obtain an average of both the air ve-
locity and ozone concentration at a number of points
at the cross-section. The number of measuring points
was, in each case, dependent on the size and shape of
the air outlet.

Measurements

The air cleaners were tested according to their ability
to remove particles and gases from the atmosphere in
the closed room. All particles larger than 0.01 um and
seven gases of different types were monitored. Due to
the disparate sensitivity of the measuring instruments,
each cleaner had to be tested with two different con-
centrations, that of smoke from 20 cigarettes and that
of smoke from one cigarette. We assessed the efficiency
of each cleaner by monitoring the rate of decay of the
concentrations of the particles and the gases. The gases
were monitored only in the tests with 20 cigarettes.

The test procedure was as follows. The air cleaner
was placed in the center of the room. The room was
sealed airtight, and 20 cigarettes (Red Prince) were
smoked (8.5 min) by a smoking machine. Thereafter
the smoke was thoroughly mixed for 4 min, and then
the initial gas concentrations were measured for 20 min
before the cleaner was started. Thereafter the concen-
trations of the gases and particles were monitored for
a period of 2 h. Table 1 shows the initial concentra-
tion of the sidestream smoke from 20 cigarettes. Af-
ter the measurements the room was purged with clean
air, and a second test, for particle content only, was
performed with the smoke from one cigarette. Dur-
ing both tests a mixing fan (150 m*/h) was also on.
Figures 1 and 2 show the number and volume distri-
bution from the sidestream smoke of one cigarette. The
figures show that most of the particles had a size be-
low 0.3 pm, which means that they were respirable.
They also show that most of the particle volume (and
also the particle mass) was in the size interval between
0.1 and 0.8 pm. Therefore most of the particle frac-
tion of the environmental tobacco smoke is both
respirable and difficult to collect on filters. Since some
of the cleaners could have a very high initial efficiency,



the measurements were made only after each cleaner
had been used once in a dummy measurement with the
smoke from 20 cigarettes. After the measurements the
equivalent airflow rate for each particle size and each
gas was calculated with the following equation:

V10 Se (mi/my,

L t,—to  C

equation 1

where 1 - Q =equivalent airflow rate (m*/h), n=fil-
tration efficiency (0 — 1), Q =airflow rate through the
cleaner (m’/h), V=volume of the room (m?), C,=
initial concentration (at time t,) (mm?®/m?), and
C, =concentration (at time t,) (mm?*/m?3).

This equation is accurate if the room is completely
closed, the concentration is homogeneous, and the in-
fluence of the room is negligible (23). However, the
influence of the room could not initially be assumed
to be negligible, and therefore the same measurements
(as with the cleaners) were made in the room without
any cleaner.

The method used to measure the equivalent airflow
rates makes it possible to compare the cleaners, even
if they do not have any airflow rate at all, as for ex-
ample some of the ionizers. It also makes it possible
to compare the results with the influence of normal
ventilation airflow rates.

In order to present the results of the particle mea-
surements, we have made the following calculations.
Assuming that the particles were spherical, we sum-
marized the volume of all the particle sizes and calcu-
lated the total equivalent airflow rate for each cleaner
for the two initial concentration levels measured with
the TSI analyzer and for the low initial concentration
measured with the PMS analyzer. The values for the
two instruments were approximately the same at the
low concentration level. The equivalent airflow rate
for each particle size has been published in references
10, 11, 13, 14, and 15. The performance of a cleaner
varied with the concentration level, and, since the in-
struments measured different particle size intervals, all
three values have been presented. The measured
equivalent airflow rates generally decreased somewhat
during extended operation times, and the values
presented are for the first hour.

Results

The measured values for the equivalent airflow rates
for the particles (total volume) in the initial concen-
tration of smoke from one cigarette and smoke from
twenty cigarettes are presented in figures 3—7 for the
five groups of room air cleaners. In figures 8—10 the
results for three of the gases and in figures 11—13 the
results for the other three gases are presented. For some
of the electrostatic precipitators and ionizers, the nitro-
gen dioxide concentrations were increased (figures 8
and 10). No results are presented for carbon monox-
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Figure 3. Equivalent airflow rates of the fiber filters with re-
spect to the total volume of the particles in smoke from 1 and

20 cigarettes and the measured airflow rates. (PMS = Particle
Measuring Systems, TSI =Thermo-systems Inc)
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Figure 4. Equivalent airflow rates of the electret fiber filters
with respect to the total volume of the particles in smoke from
1 and 20 cigarettes and the measured airflow rates. (PMS =
Particle Measuring Systems, TSI = Thermo-systems Inc)
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Figure 5. Equivalent airflow rates of the electrostatic precipi-
tators without gas cleaning equipment with respect to the to-
tal volume of the particles in smoke from 1 and 20 cigarettes
and the measured airflow rates. (PMS = Particle Measuring Sys-
tems, TSI =Thermo-systems Inc)
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Figure 6. Equivalent airflow rates of the electrostatic precipi-
tators with gas cleaning equipment with respect to the total
volume of the particles in smoke from 1 and 20 cigarettes and
the measured airflow rates. (PMS = Particle Measuring Sys-
tems, TSI = Thermo-systems Inc)
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Figure 8. Equivalent airflow rates of the fiber filters and the
electret fiber filters with respect to the gases ammonia (NH,),
nitric oxide (NO), and nitrogen dioxide (NO,) and the measured
airflow rates. A plus sign (+) indicates that nitrogen dioxide
was emitted.
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Figure 7. Equivalent airflow rates of the ionizers with respect
to the total volume of the particles in the smoke from 1 and
20 cigarettes and measured airflow rates. (PMS = Particle
Measuring Systems, TSI =Thermo-systems Inc)
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Figure 9. Equivalent airflow rates of the electrostatic precipi-
tators with respect to the gases ammonia (NHj), nitric oxide
(NO), and nitrogen dioxide (NO,) and the measured airflow
rates.
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Figure 10. Equivalent airflow rates of the ionizers with respect
to the gases ammonia (NH,), nitric oxide (NO), and nitrogen
dioxide (NO,) and the measured airflow rates. A plus sign (+)
indicates that nitrogen dioxide was emitted.
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Figure 11. Equivalent airflow rates of the fiber filters and elec-
tret fiber filters with respect to the gases hydrocarbons (HC),
hydrogen cyanide (HCN), and formaldehyde (HCHO) and the
measured airflow rates.
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Figure 12. Equivalent airflow rates of the electrostatic precipi-
tators with respect to the gases hydrocarbons (HC), hydrogen
cyanide (HCN), and formaldehyde (HCHO) and the measured
airflow rates.

ide since none of the cleaners had any effect on this
gas.

If a cleaner captures all incoming particles, or gases,
the cleaning efficiency will be 100 %, and the equiva-
lent airflow rate will be the same as the airflow rate
through the cleaner. Therefore the measured airflow
rates of the cleaners are also presented in figures 3—13.
The results from the measurements of the room with-
out a cleaner are also presented in the figures. The
measured values for the room are the aging of the
smoke and also the attachment of the smoke to sur-
faces in the room (130 m?). It was not possible to sub-
stract the measured values for the room from the mea-
sured values for the cleaners. But the values for the
room are generally so small in comparison with those
of the cleaners that they do not matter. If the values
of a cleaner are of the same size as those of the room,
the effect of using that cleaner is minimal.

Ozone emission from electrostatic precipitators with
gas-cleaning equipment was generally not detectable
(<1 mg ozone/h), but in a few cases ozone concen-
trations of up to 6 mg/h were measured. Ionizers and
electrostatic precipitators without gas-cleaning equip-
ment also had low, but mostly detectable, ozone emis-
sion rates. The highest ozone emission rate measured
was 33 mg/h.

It is not possible to use these emission rates for cal-
culating the ozone concentration levels in a room with
an air cleaner, unless the influence of the room is con-
sidered. The decay rate of ozone in a room is rapid
and depends on many factors. In reality the only way
to have a low ozone concentration is to use a cleaner
with a low emission rate.

Discussion

From figures 3—13, it can be seen that some of the
cleaners did, to some degree, clean the air of both gases
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Figure 13. Equivalent airflow rates of the ionizers with respect
to the gases hydrocarbons (HC), hydrogen cyanide (HCN), and
formaldehyde (HCHO) and the measured airflow rates.

and particles. For a cleaner with a gas filter it is neces-
sary to change the filter at regular intervals.

To clean air of particles only, it is possible to choose
between cleaners which demand washing regularly (eg,
electrostatic precipitators) and those which demand
regular changing of the particle filters. Air cleaners that
are claimed not to need any maintenance (ionizers,
ultraviolet lamps, electron generators) demand other
types of maintenance, eg, washing of the walls and oth-
er surfaces.

Of the tested cleaners for particles, without gas
filters, some had an equivalent airflow rate of around
200 m*/h. They were the following: Euromate Elec-
tret, KFB 1800T, Honeywell F78A, Euromate 720,
Myson W150, Kojair LAF-400, and Steral 30. Smaller
flow rates were measured for Arenaren 100 MVT and
Amcor Air Font, and even smaller rates were recorded
for Miele L.265 and Pax 2000. These cleaners, meant
only for particle cleaning, diminished the particle con-
centrations considerably, but, at the same time,
problems can occur with odors emanating from
trapped compounds and from uncollected gases.

Most of the cleaners with a combination of particle
and gas cleaning equipment did have an equivalent air-
flow rate for particles of at least 200 m*/h. Those with
the highest values for particles were Bionaire 2001,
Arenaren 500, Elfi 62, Master ME 902, Euromate
1200, Lindair KR 500, and Steral 60. For gases none
of these combined cleaners reached an equivalent air-
flow rate of 200 m3/h for all of the seven measured
gases. The cleaners with the highest values for the gases
were Euromate 1200, Lindair KR 500, Utramare Floor,
and Steral 60.

By means of an adequate activated carbon filter, it
is possible to remove ozone generated from electro-
static precipitators and ionizers effectively. However,
most of the activated carbon filters used in the air
cleaners were thin and had a large air leakage.
Nevertheless the ozone emission rates were very low
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for most of the cleaners. This low emission rate was
probably due to adequately designed and maintained
electrostatic precipitators and ionizers. Air cleaners
which generated ozone also generated nitrogen diox-
ide if nitric oxide from the environmental tobacco
smoke was present in the atmosphere.

When a room air cleaner is being chosen, one of the
most important parameters must be the equivalent air-
flow rate, since it is this value that decides the effect
of the cleaner in a room. However, there are many oth-
er parameters to take into consideration, such as air-
flow rate, weight, finish, size, need for maintenance,
operating expenses, generated air movements in the
room, noise level, and price. The present report con-
cerns only the equivalent and actual airflow rates. In
references 10, 11, 13, 14, and 15 weight, size, and
power consumption have also been considered, along
with a picture of each cleaner and the name of the ven-
dor and the vendor’s technical data on the cleaner.

This investigation has shown that there are some
room air cleaners which rather effectively remove par-
ticles of environmental tobacco smoke from room air.
Removal of the particulate phase does not however
eliminate the odor and irritant effects of the tobacco
smoke, many of which result from exposure to the gas
phase contaminants produced.

There are also a few room air cleaners which, to
some extent, also remove gases of the environmental
tobacco smoke from room air. However none of the
cleaners was able to diminish the concentration of car-
bon monoxide, which is generated in large amounts
and is present in both mainstream and sidestream
smoke.

Odors emanating from trapped tobacco smoke in
the cleaners are a problem for most air cleaners, even
if conventional gas-cleaning filters are used.

In conclusion, it is very difficult to clean the air of
environmental tobacco smoke. The particle concentra-
tion can be reduced rather effectively, but the gase-
ous contaminants are much harder to collect. There-
fore it is not possible to replace outside ventilation air-
flow rate with the airflow rate of room air cleaners.
But, if a room air cleaner is used as a complement to
outside ventilation airflow rate, it is possible to increase
the air quality in a room with the condition that the
cleaner operates well and is well serviced and well main-
tained.
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