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INTRODUCTION 

Over the years a number of different tedmiques have 
been used to determine the particle size distribution of 
smoke. The techniques may be generally divided into 
two types of measurements: [1] those in which the 
smoke particles are isolated or collected and measured 
and [2) those in which a physical property of the 
stabilized or diluted aerosol is measured. 
Warner et al. reported a number mean diameter of 
0.3 J.1 as determined by a cascade impactor (1). Keith 
and Derrick used a conifuge to collect and fractionate 
diluted cigarette smoke; they reported a number mean 
diameter of 0.2 J.1 (2). Holmes, Hardcastle, and Mitchell 
used a cascade impactor and a gravity settling chamber 
for the determination of smoke particle size. They 
found mass mean diameters of 1.33 J.1 and 0.94 J.1 by 
the gravity settling chamber and cascade impactor, 
respectively (3). Leonard and Kiefer (4) found a mass 
mean diameter of 0.76 J.1 and a coagulation rate of 
1 X 1Q-9 ml/s by means of a cascade impactor. 
Overton (5) reported a number mean diameter of 0.4 J.1 

based on low~angle light scattering of diluted smoke. 
Recent refinements in the light scattering techniques 
were made by Okada and Matsunuma (6) and the use 
of a highly focused laser beam was employed by Hill 
and Adams (7). Both of these groups reported a num~ 
her mean diameter of 0.18 J.1 for cigarette smoke par
ticles. 
The fractionation of tobacco smoke by particle size 
and the subsequent determination of specific chemical 
compounds in these fractions has received little atten
tion, probably because of the complexity of such a 
project. It has been postulated that soon after nucleated 
smoke aerosol particles are fo_rmed, chemical differences 
exist among particles of different sizes (8). In general, 
it has been thought that the coagulation rate of the 
tobacco smoke aerosol was sufficiently rapid to elim~ 
inate any differences. However, Leonard and Kiefer 
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showed that the rate of coagulation of undiluted smoke 
is slow (1 X 10--9 ml/s) and plays only a minor role in 
particle growth (4). Therefore, it is possible that dif
ferences in chemical composition of different sizes of 
aerosol particles still exist as these particles leave the 
cigarette and enter the filter. Filtration mechanisms of 
cigarette smoke are dependent on the size of the aerosol 
droplets (9). Inasmuch as the particle size distribution 
of an aerosol is altered by the parameters of the filter, 
cigarette butt length, and type of tobacco (8), a com
pound or group of compounds might be selectively re~ 
moved owing to the selective filtration of a certain 
particle size. 
Few studies have been directed at the determination of 
the chemical composition with respect to particle size. 
Berner and Marek (10) used a Goetz aerosol spectra
meter to determine the particle size distribution of 
nicotine and potassium. They found that nicotine ex~ 
hibited a broad maximum between 0.3 and 0.6 fl· The 
distributions of scopoletin, neophytadiene and nicotine 
were determined by means of a conifuge by Owen, 
We5tcott and Woodman (8). They reported nearly twice 
the concentration of nicotine in the 0.6 J.1 particles over 
the 0.2 11 particles but fewer differences in the other 
two compounds. Jones, Lugton, Massey and Richardson 
(11) added decachlorobiphenyl and radioactive n~hexa
decane, dotriacontane and nicotine to cigarettes to de
termine if the size distributions of these added oom· 
pounds were similar to that of the total particulate 
matter (TPM). They found that the particle size distribu~ 
tions of these compounds were similar to that of the 
TPM; some noticeable differences occurred in the very 
small particle size range. 
Previous reports on the composition of tobacco smoke 
versus particle size are based on methods which involve 
dilution of smoke with air, and only a limited number 
of compounds were determined. The objective of this 
work was to separate undiluted cigarette smoke into 
several fractions based on the size of the aerosol par~ 
tides and to determine the concentration of five or
ganic smoke compounds and one inorganic compound 
in these fractions. 
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EXPERIMENTAL 

Instrumentation 

A cascade impactor (12) was used to fractionate the 
cigarette smoke according to particle size. The impactor 
(Figure 1) is composed of four jets; each jet is followed 
by a glass slide. The jet diameter and the jet to slide 
distance determines the size of the particles that will 
be trapped on the slide. If the momentum of the par
ticles is great enough, they will overcome the drag 
exerted by the airstream as it moves around the slide, 
and they will impact on the slide. Smaller particles are 
forced through orifices of decreasing diameter so that 
they acquire enough momentum to impact on a slide. 
The cascade impactor used in this study has four stages, 
which have cut off ranges for particles with diameters 
of 1.00 ll• 0.75 ll• 0.50 ll• and 0.25 !l followed by a 
Cambridge pad. 
A Filtrona Model 200 smoking machine was used to 
take the initial puffs on cigarettes. A Varian Model 
1860 gas chromatograph equipped with a flame ion
ization detector and glass capillary columns was used 
for the determination of the organic compounds. A 
Perkin-Elmer Model 134 spectrophotometer was used 
to measure the absorbance of TPM solutions. A Perkin
Elmer Model HGA 2100 flameless atomic absorption 
spectrometer was used for the determination of copper 
in TPM. 

Smoking Procedure 

The cascade impactor was connected to a solenoid and 
a vacuum pump, so that a 2-second, 35 ml puff of un
diluted smoke was taken once a minute. Kentucky 1R1 
cigarettes were used for the particle size analysis. Three 
puffs were taken using a Filtrona Model 200 smoking 
machine. The TPM from the fourth puff or the fourth 
and fifth puffs was collected on the glass plates of the 
cascade impactor. 

Figure 1. Cascade lmpactor. 
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Determination of Organic Compounds 

An internal standard solution of 38 jlg n-octadecane 
per ml of dimethylformamide (DMF) was prepared. 
Immediately after the particulate matter was collected, 
10 Ill of the internal standard solution was placed on 
one of the glass slides and the TPM solution was quickly 
transferred by capillary action to a melting point capil
lary. This technique minimized the evaporation of sol
vent and smoke compounds. A syringe was used to 
withdraw 0.2 Ill of the dissolved TPM sample which 
contained the internal standard. This aliquot was in
jected onto a 500 ft. glass capillary gas chromatographic 
column coated with OV-101 dimethyl silicone oil. The 
column temperature was held for 10 min at 115 °C and 
then programmed at 1.5° /min to 200 °C. 
Only one plate was analyzed for each cigarette, because 
the more volatile smoke components evaporated ra
pidly. Five compounds - indole, nicotine, diethyl
phthalate, norphytene and neophytadiene - were used 
to study the composition of cigarette smoke with re
spect to aerosol particle size. 
The chromatographic peak heights of these five smoke 
components and that of n-octadecane were measured, 
and the peak height ratio for each of the five compo
nents to octadecane was calculated. The average peak 
height ratio for each compound compared to the stan
dard was determined for each plate from at least three 
separate smoke samples. The total amount of each com
pound present on all plates was obtained by adding the 
average peak height ratio for each compound. Then the 
percentage of each compound present per plate was 
calculated by dividing the average ratio for each com
pound for each plate by the total ratio of that com
pound for all plates (Table 1). This method is valid 
when the components have a linear response in a flame 
ionization detector. 

Measurement of TPM versus Particle Size 

The distribution of TPM on the cascade impactor was 
determined on the fourth, or combined fourth and 
fifth puffs from a Kentucky 1R1 cigarette. Each plate 
was rinsed with methanol, and the solution was diluted 
to 10 ml with methanol. The absorbance from the 
TPM on each plate versus that of a methanol blank was 
read at 310 nm. Previous workers (13, 14) have shown 
that the absorbance of the TPM solution in this region 
is proportional to the amount of TPM. The absorban
ces of all four plates were determined for both the 
fourth and combined fourth and fifth puffs. The per
centage of TPM present on each plate was calculated as 
the percentage of total absorbanc~ contributed by each 
plate. The TPM distribution was virtually the same for 
both one and two puffs. 
The weight percentage of TPM and the weight percen
tage of each compound for each plate was known. The 
ratio of these percentages (compound/TPM) for ead1 
plate ,was calculated. The ratio for each compound ver
sus particle size was plotted. 
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Figure 2. Distribution of TPM, Indole, nicotine, and neo-
phytadlene with respect to aerosol particle size. ·~ 
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Figure 3. Ratio of weight percent Indole to weight percent 
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Figure s. Ratio of weight percent dlethylphthalate to 
weight percent TPM. 
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Figure 6. Ratio of weight percent norphytene to weight 
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Figure 8. Ratio of weight percent copper to weight per
cent TPM. 
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Distribution of Copper versus Particle Size 

The particle size distribution of copper in cigarette 
smoke was determined on the fourth and fifth puffs of 
a ·Kentudty 1R1 cigarette with the cascade impactor 
under the conditions given previously. A Perkin-Elmer 
flameless atomic absorption spectrometer with the sen
sitivity to determine copper at the nanogram level was 
.used. Known solutions of copper in isopropanol were 
prepared and used to calibrate the instrument using the 
3247.5 A absorption line for copper. The 0.25 11 and 
1.00 11 plates were rinsed with 0.5 ml isopropanol; the 
0.50 11 and 0.75 11 plates were rinsed with 1.0 ml iso
propanol. Triplicate 50 111 aliquots of each plate were 
analyzed. The amount of copper present in two puffs 
on each plate was averaged from three cigarettes. The 
weight percent of copper present per plate was calcu
lated, and the ratio of weight percent copper to weight 
percent TPM was determined and plotted versus par
ticle size. 

Effect of Filters on the Size Distribution of Nicotine 

The differences in the particle size distribution of TPM 
and nicotine in filtered and unfiltered cigarettes were 
also observed. A popular domestic filter cigarette was 
compared to a control made from a tobacco column 
of the same cigarette in place of the filter. The fourth 
puff was used for both the spectrophotometric deter
mination of the TPM and the gas chromatographic 
determination of nicotine. Each point on the graphs is 
an average of three separate analyses. 
The fourth puff of smoke from five cigarettes was col
lected on a Cambridge pad, and the pad was extracted 
with methanol. The extract was analyzed spectrophoto
metrically. The TPM from four groups of filtered and 
unfiltered cigarettes was analyzed and the average TPM 
removal was calculated. 

RESULTS AND DISCUSSION 

The percentages of each of the six smoke components 
studied and of the TPM on the four different plates of 
the cascade impactor is given in Table 1. Each value 
listed is an average of at least three separate deter
minations. The reproducibility of the method was 
approximately ± 2 Ofo of the values listed in Table 1. 
A graphical comparison of the distribution of the five 
organic compounds with respect to particle size is given 
in Figure 2. The distribution of TPM versus particle 
size is illustrated by the bottom (dotted) line. 
All of the organic compounds deviate from this line in 
the same way, but to different extents. All of these 
compounds are present in higher concentrations in the 
medium size particles (0.5 11 and 0.75 11) than in the 
smaller or larger particles. These data indicate the fol
lowing trend: The higher the vapor pressure of the 
organic smoke compound, the higher the concentration 
in the medium size aerosol particles. Stated another 
way, the more volatile compounds tend to form a 

Table 1. Weight percentages of smoke components ver-
sus particle size. 

Composition, weight percent 
Component 

0.25 !l 1.00 fl. 

Indole 0 28 62 10 
Nicotine 7 34 54 4 
Diethylphthalate 8 37 49 7 

Norphytene 8 34 47 11 

Neophytadiene 10 34 45 11 

Total partlculate 
matter (TPM) 

11 33 45 11 

Copper 15 33 40 12 

narrow size distribution, more nearly like a mono
disperse aerosol. This probably occurs because the more 
volatile compounds evaporate rapidly from the small 
particles and recondense on the most numerous par
ticles, namely those in the 0.5 11 to 0.75 11 diameter 
range. 
The data can also be displayed in still another form. 
The ratio of the weight percent of each compound to 
the weight percent TPM was calculated for each plate 
of the cascade impactor. These data are shown in Fig
ures 3 through 8. The ratio of the volatile compounds 
exceeds unity in the medium size particle range and is 
lowest at the extremes of particle size (Figures 3 
through 5). The less volatile compounds, such as neo
phytadiene and norphytene are more uniformly distri
buted throughout the entire particle size range (Fig
ures 6 and 7). Copper, the only inorganic species studied, 
exists in larger concentrations in the small and large 
particles than it does in the medium size particles (Fig
ure 8). Obviously, if a number of organic compounds 
are more highly concentrated in the medium size par
ticles than in the small or large particles, many com
pounds in addition to copper must exhibit opposite 
behavior to give the observed TPM distribution. The 
distribution of nicotine obtained in this work is in 
general agreement with the results of previous studies 
(8, 10). Owen, Woodman, and Westcott reported wider 
ranges of nicotine concentration for different size par
ticles than we found. They reported nearly two times 
the nicotine concentration in the 0.6 11 particles than 
they have found in the 0.2 11 particles (8). The same 
authors reported that the size distribution of neo
phytadiene closely resembled the distribution of TPM. 

The particle size distribution of TPM in cigarette 
smoke with and without a filter is shown in Figure 9. 
The average particle size of the filtered smoke is smaller 
than that of the unfiltered smoke. The percentage of 
0.75 11 particles filtered is greater than the percentage 
of 0.5 11 particles filtered. This trend is in agreement 
with previous findings of Keith and Derricle who found 
a preferential reduction in the numbers of larger par
ticles by a filter (2). Our data are also in agreement 
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Figure 9. Size dlatrlbutlon of TPM. 
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with the theoretical filtration curves by fibrous filters 
as a function of aerosol particle size at a flow rate of 
17.5 cm8/s. Filtration efficiency is lowest for the medi
um size particles and increases in both the direction of 
increasing and decreasing particle sizes. Therefore, the 
TPM on the first and fourth plates of the cascade im
pactor should have been reduced by a filter to a larger 
extent than was observed. Because the weights of smoke 
particles in the 0.25 J.t and 1.0 !A- ranges are extremely 
low, it is likely that the precision of the method was 
not sufficient to accurately describe the curve at the 
extremities of particle size. 
The particle size distribution of nicotine in cigarette 
smoke with and without a filter is shown in Figure 10. 
Again the average particle size of the filtered nicotine 
is smaller than that of the unfiltered nicotine. A greater 
percentage of the 0.75 !A- particles are filtered than are 
the 0.5 !A- particles. 
It is evident from Figure 10 that a larger percentage 
of nicotine is present in the medium size particles, 
which are most difficult to filter, than is present in the 

Figure 10. Size dlatrlbutlon of nicotine.' 
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large, or small particles. Keith and Derrick estimated 
that the 0.3 !A- particles are filtered least efficiently (9); 
data from our laboratory indicate the particles which 
are most difficult to remove are 0.5 to 0.6 !A- in dia
meter. A calculation of the theoretical filtration of nico
tine was made based on the following data and assump
tions: The distributions of TPM and nicotine were 
taken from Table 1, the particle size/filtration efficiency 
curve was taken from previous work in our laboratory, 
and a filter which removes 400/o TPM was ·assumed. 
The filtration efficiency calculated for nicotine in this 
hypothetical case was 39 Ofo. Although this lower effi
ciency is in the expected direction, it is neither statisti
cally significant, nor does it account for the differences 
normally observed for the filtration of TPM and nico
tine by cellulose acetate filters. Typically, a cellulose 
acetate filter removes 40 Ofo TPM and 36 or 37 Ofo nico
tine from the smoke of a blended tobacco cigarette 
with a smoke pH of 5.5 to 5.8. The high concentration 
of nicotine in the medium sized aerosol particles which 
are most difficult to filter may .contribute slightly to 
this phenomenon. However, Curran and Kiefer showed 
that a substantial amount of nicotine which is initially 
trapped by a filter is later eluted into the mainstream 
smoke during subsequent puffs. The TPM which is 
initially trapped by a filter is not eluted to a significant 
extent (15). 
It may be concluded that even though significant dif
ferences in the composition of smoke with particle size 
exist, it is unlikely that selective filtration based on the 
removal of a particular particle size can be achieved. 

SUMMARY 

If the distribution of specific smoke components with 
respect to particle size were significantly different than 
the size distribution of particulate matter, a compound or 
group of compounds might be selectively removed by 
the selective filtration of a given particle size. Various 
techniques have been used to determine the particle size 
distribution of a few smoke components. Berner and 
Marek used a Goetz aerosol spectrometer to determine 
the size distribution of potassium in smoke; and Owen, 
W estcott and W oodman used a conifuge to examine the 
distribution of three smoke components. In the present 
work, a cascade impactor was used to separate smoke 
particles into four fractions of 0.25 to 1.0 !A- in diameter 
based on the principle that particles in a moving air
stream impact on a slide placed in their path, if their 
momentu~ is sufficient to overcome the drag exerted 
by the airstream. The particle size distribution of five 
organic compounds: indole, nicotine, diethyl phthalate, 
norphytene, and neophytadiene were determined. These 
size distributions were compared to the distribution of 
total. particulate matter (TPM) and the following ob
servations were made: 

1. All compounds were distributed in a pattern similar 
to that of TPM. Therefore, the selective filtration of 



a given compound by selective filtration of a given 
particle size is probably unfeasible. 

2. The concentrations of indole and nicotine were 
higher in the medium-size particles (0.5 to 0.75 JL) than 
in the small or large particles. 

3. It is known that cellulose acetate filters are more 
efficient for the filtration of small and large particles 
than they are for medium-size particles. Therefore, the 
high concentration of nicotine in the medium-size par
ticles may contribute to the slightly higher filtration 
efficiency these filters have for the TPM than they have 
for nicotine. 

ZUSAMMENFASSUNG 

Wenn sich die Verteilung bestimmter Rauchbestandteile 
hinsichtlich der PartikelgroBe von der GroBenverteilung 
der Partikelphase wesentlich unterschiede, konnte eine 
Verbindung oder eine Gruppe von Verbindungen durch 
selektives Ausfiltern einer gegebenen PartikelgroBe selek
tiv entfernt werden. Zur Bestimmung der Partikelgro
Benverteilung einiger Rauchinhaltsstoffe sind verschie
dene Techniken angewandt worden. Berner und Marek 
bestimmten die GroBenverteilung von Kalium im Rauch 
mit einem Goetz-Aerosolspektrometer, und Owen, West
cott und W oodman benutzten eine Aerosolzentrifuge 
("conifuge") zur Untersuchung der Verteilung von drei 
Rauchbestandteilen. In der vorliegenden Arbeit werden 
die Rauchpartikel in vier Fraktionen mit einem Durch
messer von 0,25 his 1,0 IL mit Hilfe einer Apparatur 
("cascade impactor") aufgeteilt, deren Wirkungsweise 
das Prinzip zugrunde liegt, daB Partikel in einem be
wegten Lufl:strom auf eine in ihrem W eg befindliche 
Flache aufschlagen, wenn ihre Bewegungsenergie zur 
Oberwindung des vom Lufl:strom ausgehenden Wider
standes ausreicht. Die PartikelgroBenverteilung der fol
genden fiinf organischen Verbindungen wurde bestimmt: 
Indol, Nikotin, Diathylphthalat, Norphyten und Neo
phytadien. Bei einem Vergleich der dabei ermittelten 
GroBenverteilungen mit der Verteilung der Gesamtpar
tikelphase (TPM) wurde folgendes beobachtet: 

1. Alle Verbindungen waren in einem ahnlichen Muster 
verteilt wie die Gesamtpartikelphase. Die selektive Fil
tration einer bestimmten Verbindung durch selektive Fil
terung einer bestimmten PartikelgroBe ist daher wahr
scheinlich nicht moglich. 

2. Die Konzentrationen von Indol und Nikotin waren in 
den Partikeln mittlerer GroBe (0,5-0,75 11) hoher als in 
den kleinen und groBen Partikeln. 

3. Bekanntlich haben Celluloseacetatfilter fiir kleine und 
groBe Partikel ein hoheres Filtrationsvermogen als fiir 
Partikel mittlerer GroBe. Die hohe Konzentration des 
Nikotins in den mittelgroBen Partikeln konnte daher da
zu beitragen, daB diese Filter eine etwas hohere Filter
wirksamkeit fiir die Gesamtpartikelphase haben als fiir 
Nikotin. 

R£SUM:£ 

Si la distribution de constituants specifiques de la fumee 
de tabac par rapport aux dimensions des particules etait, 
d'une maniere significative, differente de la distribution 
dimensionnelle de la matiere particulaire, un compose ou 
un groupe de composes pourrait ~tre elimine d'une ma
niere selective par une methode de filtration selective de 
dimension donnee. Des techniques diverses ont ete em
ployees pour determiner la distribution dimensionnelle des 
particules de quelques constituants de fumee. Berner et 
Marek ont employe un spectrometre a aerosol de Goetz 
pour etablir la distribution dimensionnelle du potassium 
dans la fumee. Owen, W estcott et W oodman ont em
ploye un appareil centrifugeur ( cconifuge,.) pour examiner 
la distribution de trois constituants de fumee. Dans le 
present travail une cascade d'impact a ete employee 
pour separer des particules de fumee en quatre cate
gories dimensionnelles comprises entre les diametres de 
0,25 a 1,0 11· Cette methode est basee sur le principe que 
des particules suspendues clans un jet d'air vont impacter 
une plaquette situee dans leur cours si leur moment est 
suffisant pour vaincre la resistance exercee par le jet 
d'air. La distribution dimensionnelle des particules a ete 
determinee pour cinq constituants organiques: l'indol, la 
nicotine, la diethyle-phtalate, la norphytene et la neo
phytadiene. Ces distributions dimensionnelles ont ete 
comparees avec la distribution de la matiere particulaire 
totale (TPM) et les observations suivantes ont ete faites: 

1. Tous les constituants sont distribues d'une maniere 
semblable au TPM. Done, la filtration selective d'un 
compose specifique par la filtration selective de parti
cules de certaine dimension n'est probablement pas 
faisable. 

2. La concentration d'indol et de nicotine etait plus 
elevee dans les particules a dimensions moyennes {0,5 
a 0,75 11) que dans les particules a petites ou a grosses 
dimensions. 

3. On sait que les filtres d'acetate de cellulose sont plus 
efficaces pour la filtration de petites et de grosses par
ticules que pour les particules aux dimensions inter
mediaires. Done, la grande concentration de nicotine 
clans les particules a dimensions moyennes peut con
tribuer a l'efficacite de filtration un peu plus elevee 
qu'ont ces filtres pour le TPM que pour la nicotine. 
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