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Introduction:

This paper reports our findings
concerning the distribution of elec-
tric ¢charge and particle size in ciga-
rette smoke., The work was under-
taken because of the scarcity of in-
formation on elsctrical preperties
and beecause of the wide diversity of
opinion in the literature concerning
size distributien,

The few studies of the particle size
distribution of cigarette smoke ap-
pearing in the literature have each
used different methods of measure-
ment. Warner, using a cascade im-
pactor indicated that the number
mean diameter was around 0.3 mi-

and .
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erou. Sano studied the setfling of
individual particles and gave the
number mean diameter as about 0.6
micron. langer and Fisher using
dark field microscopy reported a
number mean diameter of about 0.6
mieron. Keith and Derrick using the
“conifuge” reported a number mean
diameter of 0.2 micron.

The study of the electrical proper-
ties of cigarette smoke has received
even less attention than has size dis-
tribution. Wells and Gerke made
some use of the elcetric charge to
measure the size of tebaccr smoke
but did not attempt to determine its

electrie charge distribution. Dalla
Valle mads brief mention of the elec-
iric charge distributien in cigaretie
smoke in a report concerning the -
agglomeration of aerosols. Sane re-
ported the charge digtribution of
aged gmoke but made no mention of
the mechanism of its charging.

In this investigation a modifica-
tion of Millikan's eil drop experi- -
ment was used to determine the eler- -
trie charge on the smoke particles.
The particle size distribution was -
determined by three different meth-
ods: (a) the cascade impactsr, (b}.:
gravity settling ef individual par-
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Figure 1. Side view of gravity settling chamber.

{Tabaces Science 148)




iicles, and (¢) the “Goetz Aerosol
Speut.rometer.”

txperimental Procedure

Electric Charge Defermination.
The experimental work to determine
electric charge was carried out by
using an air-tight brass chamber
consigting of an antechamber and an
ohservation - chamber (Figure 1).
The smeke was introduced into the
antechamber and dvawn through a
amall hole into the observation
chamber by means of a pump., When
the smoke was in the observation
chamber the flow of air was stopped
and the partieles were allowed to
settle under the influence of gravity.
The paxticles of smoke in the eb-
servation chamber were illuminated
“by a beam of light through a window
in one side of the chamber. The light
scattered by the particles was ob-
served with a microscope (40X),
through a windew in the opposite
side of the chamber (Figure 2). The
upper half of the chamber was in-
sulated from the lower half of the
chamber by a thin sheet of Mylar.
A variable, reversible potential was
applied across the chamber (the up-
ver and lower halves of the chamber
are 3 mm. apart), putting a charge
on the chamber in such a ~ .nner
that the particle under ob: cvation
reversed the direction of movement
il had under the influence of gravity.
The velocity of the upward move-
ment, which was due to the electric
field, was measured. The rate of fall
due to gravity was also measured.
To determine the electric eharge on
the particle, the rate of fall due to
gravity and velecity due to the elec-
tric field are substituted into Milii-
kan's eguation.

Stokes’ equation was uged tg eal-
culate the diameter of the particles:

18nu
. d (pP-Pheg
wrere d = diameter of the particle
n = vigcosity ef air
u = vyelocity of fall due to
gravity ;
g = acceleration due to grav-
ity
P = density of the particle

) P’ = density of air
Since the experimental pracedure
had only limited accuracy, Cunning-
haw's correction to Stokes’ equation
Was not applied. Drozen and LaMer
Foint out that there is disagreement
I the literature as to the necessity
:if.napp]ying Cunningham’s correc-

When the diameter had heen caleu-

lated, tne mass of the particle was
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Figure 2. Top view of gravity seliling chamber,

calculated from this diameter, and
Millikan’s equation was used to de-
termine the charge on the particle.

q = Mg (V, 4+ V)
FV,
g = charge on the droplet
M = mass of droplet
g = acceleration due to grav-
ity
F electric field strength

]

V. velocity down {gravity
fall)

V, = velocity up {(under in-

fluence of cleetric field)

The number of electronic charges

per particle was determined by divid-

ing the total charge on the particle
by the charge of the electron.

q/e = ¢

¢ = number of electronic charges/
particle

e = electron charge

q = charge en the particle

The snicke sample for the electri-
cal measurements was obtained by
taking 2 35 ml puff with a large
gyringe and was introduced directly
into the antechamber. Two minuies
after the start of the sampling puff
all smoke wus expelled frem the
chamber and a fresh pulf was taken.
This procedure insured that the
smoke under observatisn was mnot
more than two minutes old.

The effect of aging #n the electric
charge distributien was measured by
collecting the smoke in a three-liter
flask, The smoke was transferred
from the flask to the gravity settling
chamber and measurements were
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made over a period of thirty to forty-
five minutes, depending upon how
long a usable sample remained in the
three liter flask. One hundred par-
ticles were observed for each defer-
mination of electrical charge distri-
bution.

Size Determination, The cascade
impactor used for determination of
particle size was essentially the same
as that described by Pilcher et al.
except that its flow rate was set at
1.05 liter/min. and that special pre-
cautions were taken to make the in-
ternal volume of the impactor as
small as possible te minimize the
residence time of the smoke. Figure
3 is a schematie diagram of the im-
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Figure 3. Assembly drawing of new stainiess
sTeei cascawe impacror,



Figure 4. Photegraph of new cigaretie smoke cascade impactor.

pactor and Figure 4 is a photograph
showing the details of construction.
Polystyrene latex spheres, puff ball
spores, and Bacillus globigi spores
were used to calibrate the impactor.

A sampling system was designed
to allow smoking of cigarettes under

standard conditions which would
maintain a constant flow of air
through the impactor. Figure 5 is a
schematic drawing of the system.
The cycle is timed by a one-rpm
synchronous motor which operates a
micro switch that opens a solenoid
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Figure 5. Cigarette smoke sampling system.
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each minute)

valve for 58 seconds and closes it fgg
two seconds. While the valve is open
filtered air at atmospheric pressurs
is introduced into one arm of the
inlet tee at a flow rate equal to that
of the impactor. When the valve ig
closed, all air which enters the ime
pactor must pass through the ciga-
rette in the other arm of the tee.

The apparatus shown in Figure §
was used to study the effect of dily
tion on the size distribution of cigaz
rette smoke. Air at a rate of 17.5 ns
per second was introduced continus
ously to the cigarette-holding sec-
tion and vented through a bleed
valve. During each 6@ second period
of operation the bleed valve was open
for 58 seconds with no flow through
the cigarette and closed for two seec-
onds during which time 35 ml. of
air passed through the cigarette. The
diluting air enters the main body of
the diluter tangentally.

The rate of fall due to gravity of-
the smoke particles, as observed in
the gravity settling chamber,
used to calculate the Stokes’ diame-
ter of the individual smoke particles.
A particle size distribution of ciga-
rette smoke was found from the cal-
culated Stokes’ diameters. The size
was plotted on log-probability paper -
against percentage of the mass of
particles less tHan maximum size, the
resu)’ Jeing a straight line with the

was -



< per cent peint indicating the mass
.>£M,1 diameter. The settling rates of
500- 19p0 smoke particles were eb-
~ed Tor these determinations.
The “Goetz Aerosol Spectrometer”
(s algo used to determine the size
trinution of cigarette smoke. This
pstrument subjected the smoke aero-
ol to a strong centrifugal ferce
¢hile the aerasol was flowing in a
tics] channel. This separated the
mtxde~ according to size bhecause
pe smaller parficles traveled fur-
ner than the larger particles in the
nacnel vefore being deposited on
he collection plate, The number of
ticles that had been deposited at
arions distances was determined by
- mieroseesic count. The size distribu-
“lioh wae . termined from a plot of
- the number #f particles versus the
distance along the channel at which
the count was made, The aerosol’
spectremeter was calibrated by using
volystyrene latex spheres of known
LI FASN

Results and Discussion

Positive, negative, and neutral
particles were observed in the grav-
ity settling chamber when the amoke
wgs exposed to an electric field. The
ciectrical properties of smoke from
several hrands of cigareties are sum-
marized in Table 1. The charge on
the srieke particles was measured at
different applied voltages 0.278,
0.383, 0.444, 0555 and 1.11 stat
volts/en. Tt was found that 0.888
stat volts/em was the lowest voltage
that could be applied .and «iill have
a strong effect on the warticles.
There were many particles that were
unaffected by the electric field even
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Figure 6. Cigarete-smeke dilution apparstus.

at the highest voltages; these par-
ticles carried mo electric charge.
Figure 8 shows that the distribution
of charges is fairly symmetrical, in-
dicating that the smoke aerosol as a
whole is electrically neutral. The ma-
jority ef the charged particles car-
ried from one to ten charges per par-
ticle; only 2-5 per cent of the charged
particles had more than 2§ charges
per particle. The average number of
charges per particle was 4-9. Aero-
sols generated by a relatively mild
process, such as condensation from
a super-saturated vapor in which
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there is little pessibility of acquiring
an electric charge by any means
other than collision with atmospherie
ions, carry very few electronic
charges wper particle. More violent
generation processes such as spray-
ing or high temperature comhustion
preduce aerosols which carry many
more elementary charges per particle
than does tobacco smoke. The dig-
fribution of charges in cigarette
smoke appreximated that aof the
more vielent burning process. How-
evet, the average number of charges
per particle in the tobacce smoke

Table 1. Electrical properties of smoke
Electric Total Total Charge
Brand Age Field %/ of the Number Number of Total Mass Total {Electrons
of of Strength of Particles Elementary of All Number  per Gram
Cigarette Smoke (Stat volts/cm) Carrying Each Charge Charges Particles of Particles  of Smoke)
aie — neutral -+ ~—
, 12
R 2 Min, 388 49.1 332 175 263 151 33.77X10 gm. 114 12.2X10:=
F 2 388 200  28.0 420 254 186  126.12X10% 101 3.5X10
B 2 .388 362 20.6 431 208 159 106.56X10-+2 102 3.4X10#
C 2 444 372 195 434 296 209 159.94X19-12 114 3.2X1012
G 2 444 336 29.2 372 408 284 120.92X10-22 113 5.7X1012
ot 2 444 30.0 27.0 436 287 280 115.¢X10 -2 100 4.9X1012
J 2 444 421 34.6 234 408 308 70.08X102 107 10.2X1 4%
A 3e-45 .B88 38.1 48.8 13.0 454 503 100.15X14.12 131 2.6X102
D 30-45 388 446 517 3.4 478 563 72.95X1012 116 14.8X1012
L 30-45 388 386 37T 237 337 507 54.08X10-12 114 11.9X1012
B, 3045 388 36.2 457 181 316 502 B5.76X10-12 113 9.6X1012
%{gar 2 444 358 26.8 37.6 466 241 128.85X 1612 109 5.6X10%=
pe 2 .444 559 441 347 256 61.95X1022 93 . 7X1012
-“-‘-_——_
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was not as great as the average num-
ber of charges per particle in the
aerosol produced by the more violent
burning process.

As seen in Table 1 the smoke that
has aged 30 to 45 minutes has fewer

54

Perzen of totsl number of particles

neutral particles than the smoke that
has aged only two minutes. Also the
total number of elementary charges
and total number of charges per
gram of smoke increases as the
smoke ages. Smoke aged 30 to 45

1
1.5 2.0

Pariicle diameter ~ microns

Figure 7. A typical size distributien curve of cigarette smoke particles.

Table 2. Comparison of electric charge distribution of smoke
aged two minutes and smoke aged 30-45 minutes
Percent
Percent of of Particle Percent of
Brand of Age of Particle with with More Neutral
Cigarette ~ Smoke 1-10 Charges than 10 Charges Particles
B 2 Min. 79% 4% 18%
C 2 41 16 43
E 2 51 6 43
F 2 45 13 43
A 30-45 Min. 65 22 13
B 30-45 41 35 18
C 30-45 65 11 24
D 30-45 66 30 3
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Figure 8. Charge distribution of cigarette smoke.
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minutes has more highly chargeg
particles (Table 2) than does tks
smoke aged only two minutes. Twa
mechanisms by which the particles
could increase their charge while
aging are: (a) collision with atmog
pheric ions, and (b) coagulation of
smaller charged and neutral par-
ticles. Evidence points strongly tg
charging by collision with atmos:
pheric ions as the principle cause ¢f
the increase. Coagulation of the
smaller charged particles and neutrai
particles probably accounts for soms
of the increase in charge.

The size distribution of undiluteg
smoke from several brands of ciga
rettes, from pipes, and from cigars
was measured with the cascade im-
pactor, the gravity settling chamber,
and the “Goetz Aerosol Spectro-
meter.” The size distribution from
ali these measurements was found
to be independent of the number of
puffs taken, of the weight, and of
resistance to draw of the cigarette.
The mass mean diameters as deter-
mined with cascade impactor and the
gravity settling chamber shows that
the particle size distribution of fil-
tered and unfiltered -smokes differ
(Table 3). Table 4 shows that the
number mean diameters of filtered
and unfiltered smoke particles differ
by only .13 microns on an average,
and that the mass mean diameters of
filtered and unfiltered smoke particles
differ by .25 microns on an average.
These facts indicate that the filter of
a cigarette removes the larger par-
ticles and that this removal of the
larger particles has only a small ef-
fect on the number concentration.

The spread of particle sizes found
in cigarette smoke is relatively nar-
row indicating that cigarette smoke
is a nearly monodisperse aerosol
(Figure 7). Evidence of the relative
monodispersity of cigarette smoke
was optained with the “Goetz Aerogol
Spectrometer.” For monodisperse
aerosols the plot of number of par-.
ticles versus distance at which:the
count was made is 'a straight lmne
and for polydisperse aerosol
same plot is a curved line. Two.
experimental plots of number ve
distance resulted in straight lin
number mean diameters of 0
cron. Two others resulted in cu
lines and number mean diamet
0.5 microns. When these N
mean diameters from the curvel
were converted to mass me2
eters, the mass mean di
shiftéd to 0.6 micron and:
cron respectively. This shOV‘__’S
tively narrow range of pal‘?._de-

The effect of agglomeratiol
measured mass mean diamete
determined by studying t




distribution of cigarette smoke at
warious dilution ratios. Smoke was
diuted with clean filtered air as
quickly as possible after leaving the
oigaveite and its size measured with
-he cascade impactor. The size deter-
mined (Table 5) at the highest dilu-
tion ratio is probably closest to the
irue size of smoke coming from the
cigarette. Using the weight of ma-
icrial collected at each stage of the
impactor and the mean size of the
particles eollected at each stage, the
concentration was calculated to be
2 x 19'¢ particles per milliliter. This
conéentration is high and, therefore,
the rate of agglomeration i3 high:
nowever, the rate of agglomeration
decreases rapidly as the concentra-
tion decreases so that after a short
time the size is stable enough for
rveproducible  measurements to be
made sn undiluted smoke.

The caseade impactor was used to
determine how the particle size of
sigarette smoke changed as the smoke
aged. Measurements showed that the
mass mean - diameter of wundiluted
smoke increased from 0.9 to 2.0 mi-
erons following two minutes of aging.
This inerease in size was due to ag-
glomeration of the smoke particles.
Agglomeration while the smoke ages
accounts for the difference between
the mass mean diameters normally
determined with the cascade impac-
tor and the mass mean diameters de-
teymined with the gravity settling
chamber (Table 4). In the case of the
gravity settling chamber, the smoke
had aged from a few seconds to 45
minates. Usually with the cascade
impactor the smoke was unaged.

Summary and Conclusions

Tobaceo smoke ig a Hehtiy charged
seresol in which the individual par-
ticles carry only a few clementary
charges. The aercsol as a whole, is
elecirically neutral. While some of
the electronic charge may be ac-
quired from the burning process the
number of electronic charges per par-
ticle found in the tobacco smoke in-
dicates most of the charge is ac-
quired threugh collision with atmos-
Pheric ijons.

?bere are probably particles pres-
Bv in cigarette smoke which are too
small to be observed by any #f the
‘eChniques remorted here or else-
where. These small particles, which
must be present at very high nom-
ber. concentrations, are intimately as-
S0clated with the mechanism of for-
Mation of the smoke emerging from
the cigarette. The measured size of
Smoke particles is dependent upon
both the age and degree of dilution
of the smoke. Thus, it is rather dif-

Table 3. Mass mean diameter of undiluted cigarette smoke

Cascade Gravity Setting
Brand Impactor Chamber
A (nonfilter) 0.94 microns 1.83 mierons
B {filter) 0.85 1,07
C {filter) 0.84 1.01
D (filter) 0.82 1.10
D (filter removed) 1.00 1.34

MM D means mass mean dismeter
HMD meons rumber mean dinmeicr

Table 4. Comparison of mass mean and number mean diameters
of filiered and unfilfered cigarette smokes

MNon-fifter

Brand MMD# NMD*
A 1.33 microns (.93 microns
D (filter 1.34 1.08
removad)

E (filter 1.38 0.90
removed)

The diasnctars Histed here mere determined wsing the grovity saitling chember,

Filter
Brand MMD NMD
B 1.07 microns 0.82 microns
G 1.01 0.81
D 1.10 0.8%
B 1.21 0.83

ficult to compare reported values for
size of cigarette smoke particles un-
less the age and degree of dilution
at the time of measurements are
known.
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