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SUMMARY 

Major components of cell wall materials, that is a -cellu
lose, hemicellulose, pectin and lignin, were isolated from 
tobacco leaves. They were heated in a micro-thermoba
lance in different atmospheres and at different heating 
rates. The weight loss rate of the sample materials, 
production rates of carbon oxides and smoke particles 
produced were measured. In general, materials which 
produce more carbon oxides produce less smoke particu
late mass. In helium at a heating rate of 240 oc; min, whicp 
attempts to approximate the burning conditions of a 
cigarette, weight ratios of smoke particles to the sample 
weight were 32% for a-cellulose, 24% for lignin, 3% for 
hemicellulose and 0.4% for pectin. Since a -cellulose is a 
major constituent of the cell wall of tobacco leaves and has 
the highest production rate, it can be concluded that 
a -cellulose is a major contributor to the production of 
smoke particles from cigarettes. On the contrary, pectin 
contributes the least. 

ZUSAMMENFASSUNG 

Die Hauptbestandteile der Zellwand, und zwar a-Zellu
lose, Hemizellulose, Pektin und Lignin, wurden aus 
Tabakblattern isoliert. Sie wurden in einer Mikro-Ther
mowaage in verschiedenen Medien unterschiedlich 
schnell erhitzt. Dabei wurde die Gewichtsabnahme der 
Probe sowie die Bildung von Oxiden des Kohlenstoffs 
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und Rauchpartikeln gemessen. Grundsatzlich ist festzu
stellen, da~ sich bei Stoffen, bei deren Erhitzen mehr 
Kohlenstoffoxide entstehen, weniger Rauchpartikel bil
den. Werden die Stoffe in Helium mit 240 oC/min 
aufgeheizt - der Versuch, naherungsweise die Bedingun
gen beim Abrauchen einer Zigarette zu simulieren - , 
betragt das Gewichtsverhaltnis zwischen Rauchpartikeln 
und Probe 32% fi.ir a -Zellulose, 24% fi.ir Lignin, 3% fi.ir 
Hemizellulose und 0,4% fi.ir Pektin. Da a-Zellulose ein 
Hauptbestandteil der Zellwand in Tabakblattern ist und 
auch im Versuch vorrangig entsteht, kann die Schlu~
folgerung gezogen werden, da~ die Entstehung von 
Rauchpartikeln beim Zigarettenrauchen hauptsachlich 
auf a-Zellulose zuri.ickzufi.ihren ist. Pektin tragt dagegen 
am wenigsten dazu bei. 

RESUME 

Les composants principaux de la membrane cellulaire du 
tabac, telles que la a -cellulose, !'hemicellulose, la pectine et 
la lignine, ont ete isolees a partir de feuilles de tabac et 
chauffees dans une balance microthermique dans des 
milieus differents et a des vitesses variables. On a mesure 
simultanement la perte de poids de l'echantil1on ainsi que 
le taux de production d'oxydes de carbones et de particu
les de fumee. 11 est generalement apparu que plus le 
composant produit d'oxydes de carbones moins il produit 
de particules de fumee. Lorsque l' echantillon est chauffee 
sous helium a 240 °C/min, conditions proches de la 
combustion d'une cigarette, le rapport poids des particu
les de fumee sur poids de l'echantillon est de 32% pour la 
a-cellulose, de 24% pour la lignine, de 3% pour !'hemicel
lulose et de 0,4% pour la pectine. Etant donne que l'a-
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cellulose est un composant essentiel de la membrane 
cellulaire de la feuille de tabac et que son taux de 
croissance est le plus eleve, nous pouvons conclure que l' a 

cellulose est le facteur determinant de la production de 
particules de fumee de cigarettes. 

INTRODUCTION 

Although the study of smoke formation is essential to 
understanding how cigarettes work, only a few studies 
have been published because it is a complicated chemical 
and physical process (1). Among these studies, gaseous 
components such as carbon oxides have been mainly 
studied (2-5 ). 
In a previous paper ( 6 ), physical properties of smoke 
particles produced from thermal analysis of tobacco 
leaves were examined and their dependence upon the 
atmosphere and heating rates was reported. 
To investigate the smoke formation mechanism further, 
major components of cell wall materials of tobacco leaves 
were isolated and heated in different atmospheres and at 
different heating rates. In addition to the size and con
centration of smoke particles, the concentrations of car
bon oxides produced from each material were measured 
and discussed. 

EXPERIMENTAL METHOD 

Materials used for the experiments were a -cellulose, 
hemicellulose, pectin and lignin, which had been isolated 
from Burley tobacco leaves following the commonly used 
method (7) as shown in Figure 1. These materials were 
ground to pass through 80-mesh sieves. The experimental 
apparatus is schematically shown in Figure 2. Thermal 
analysis was carried out by a rapid heating micro-ther
mobalance equipped with an infrared image furnace 
(Shinku Riko Co. Ltd., Model TG-3000) under an atmo
sphere of air or helium. In each atmosphere, the heating 
rate was set at either of two levels: 10 °C/min and 240 oc; 
min. The heating rate, 240 °C/min, was chosen to corres
pond to the actual static burn of a cigarette (8) and the 
flow rate of the gas was 0.1 1/min. Carbon oxides and 
smoke particles generated in the furnace were diluted by 
helium or clean air at 10 1/ min. The diluted smoke was 
then fed simultaneously to a CO meter (GASTECH Co. 
Ltd, Model CM-2510) and a C02 meter (Fuji Electric Co. 
Ltd. Model ZFP). In addition, it was also fed simultane
ously to a piezobalance mass monitor (Nihon Kagaku 
Kogyo Co. Ltd., Model 51-1111) and a laser particle 
counter (Hitachi Electronics Engineering Co. Ltd., 
Model TSI 600) so that the mass concentration and the 
size distribution of smoke particles could also be mea
sured. 
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Figure 1. 
Method for isolating cell wall materials from tobacco leaves. 
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Figure 2. 
Schematic diagram of experimental apparatus. 
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RESULTS 

a-Cellulose 

The results when a-cellulose was heated in air at a heating 
rate of 10 °C/min are shown in Figure 3a. Two peaks were 
observed for the weight loss rate. The first peak at about 
300 oc is well known and is due to the pyrolysis of 
a -cellulose. Corresponding to this peak, carbon oxides 
and smoke particles were produced. The second peak at 



Figure 3a. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 1.39 mg of a-cellulose in air at the heating 
rate of 10 °C/min. 
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about 400 oc is due to the combustion of residual char. 
No smoke particles were detected at the temperature 
corresponding to this peak since the products of the 
combustion are gaseous compounds such as carbon 
monoxide, carbon dioxide and water. 
In the atmosphere of helium, only the weight loss rate 
maximum related to pyrolysis can be seen in Figure 3b. 
Production of carbon oxides was much less than that in 
air, but more smoke particulate mass was produced. The 
geometric mean diameter was about 0.3 11-m and this was a 
little larger than that in air. 
Figure 3c shows the results obtained in air at a heating rate 
of 240 oC/min. Since the heating rate was very fast, the 
weight loss rate and production rate of smoke, both 
carbon oxides and particles, were about ten times faster 
than those at 10 °C/min. The average particle size is not 
depicted in this Figure because most of the smoke partic
les were beyond the measurement range of the instru
ment, that is above 0.8 iJ-m. 

Figure 3b. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 1.27 mg of a-cellulose in helium at the 
heating rate of 10 °C/min. 

0.3 

we 0.2 Ul ·-
.2~ 
~ 0) 

.r:: E 

)\ 
.2>-
Ql Ql 

~T!! 0.1 

0 

0 .1 5 0.03 

c c-o- 0 c ~ -~ 0.10 0.02 
" E u .E 
:::J ~ :::J ~ -o 0) -cOl e E e.S c.-

c.Ql NQl 
oiii 0.05 0.01 o;;; 
() ~ () ~ 

C02 

0 ~ 0 CO 

0.03 0.8 
c 
0 u 

Q; :::J 
-o- Qj 0 c 0.02 a. .E E 
Qlc, ro-

0.4 '0 E :Q E Ql6 t:-
ro Ql u 
~~ 0.01 I I t: 

J 
ro 

-"' 

\ 
[l_ 

0 
E 

Cl) 

0 0 
200 400 600 800 

Temperature (0 C) 

Figure 3d shows the results obtained in helium at the same 
heating rate of 240 oC/min. As is the case for an atmo
sphere of air, the weight loss rate and smoke production 
rate were about ten times larger than those at 10 °C/min. 
The average particle size was larger than 0.8 11-m. 

Hemicellulose 

When the heating rate was 10 °C/min, the weight loss rate 
showed a maximum with several shoulders at about 
250 oc both in air and helium as shown in Figures 4a and 
4b. No smoke particles were detected, at least up to 5 mg 
of sample material, but more carbon oxides were pro
duced compared to a -cellulose. At temperatures of more 
than 600 °C, the production of carbon dioxide was 
dominant in air, while carbon monoxide was predomi
nantly formed in helium. 
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Figure 3c. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 0.86 mg of a-cellulose in air at the heating 
rate of 240 oc/min. 
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When the heating rate was 240 oC/min, virtually, only 
one peak in the weight loss rate was found at about 300 oc 
as shown in Figures 4c and 4d. The production rate of 
carbon oxides was more than ten times larger compared to 

the rate found at 10 °C/min and only a small amount of 
smoke particles was detected. Further, as in the case of the 
slower heating rate, the production of carbon dioxide was 
dominant in air at higher temperatures, but a large amount 
of carbon monoxide was produced in a helium atmo
sphere. The change in average particle size was similar to 
that of smoke particle production rate. 

Pectin 

The results for pectin are shown in Figures Sa, b, c, d. As 
for hemicellulose, no particles were detected at a heating 
rate of 10 °C/min. The weight loss rate was fastest at 
about 250 °C, where carbon oxides were produced. At 
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Figure 3d. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 0.71 mg of a-cellulose in helium at the 
heating rate of 240 °C/min. 
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higher temperatures of about 700 oc, production of car
bon dioxide was dominant in air, while a significant 
amount of carbon monoxide was produced in helium, as 
in case of hemicellulose. When the heating rate was 
240 °C/min, the production of carbon oxides showed two 
maxima at about 300 oc and 750 °C. 
As for smoke particles, a small amount was detected both 
in air and in helium but their geometric mean diameter 
was considerably larger. The change in the average size 
was similar to the change in smoke particle production 
rate. 

Lignin 

When lignin was heated at a rate of 10 °C/min in air, three 
peaks appeared in the weight loss rate profile as shown in 
Figure 6a. Production of carbon oxides was the highest at 
temperatures of about 500 oc corresponding to the third 



Figure 4a. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 2.16 mg of hemicellulose in air at the 
heating rate of 10 QC/min. No smoke particles were observed. 
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Figure 4c. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 4.17 mg of hemicellulose in air at the 
heating rate of 240 QC/min. 
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Figure 4b. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 2.22 mg of hemicellulose in helium at the 
heating rate of 10 QC/min. No smoke particles were observed. 
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Figure 4d. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 4.19 mg of hemicellulose in helium at the 
heating rate of 240 QC/min. 
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Figure Sa. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 2.01 mg of pectin in air at the heating 
rate of 10 oC/min. No smoke particles were observed . 
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Weight loss rate, and production rates of carbon oxides and 
smoke particles from 3.10 mg of pectin in air at the heating 
rate of 240 QC/min. 
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Figure Sb. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 2.09 mg of pectin in helium at the 
heating rate of 10 oc/min. No smoke particles were observed. 
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Weight loss rate, and production rates of carbon oxides and 
smoke particles from 3.98 mg of pectin in helium at the 
heating rate of 240 QC/min. 
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Figure 6a. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 1.00 mg of lignin in air at the heating rate 

of 10 °C/min. 
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peak in weight loss rate. Particle production was found at 
temperatures corresponding to only the first maximum in 
weight loss rate at about 300 ac. When heated in helium, 
only very small amounts of carbon oxides were produced. 
However, the production of smoke particulate mass was 
much higher than in air. 
When lignin was heated at a rate of 240 °C / min, the 
production rate was found to increase more than ten 
times, particularly for carbon oxides, as shown in Figures 
6c, d. It should be noted that production of carbon oxides 
continued over a wide range of temperatures. Further, the 
geometric mean diameter of the smoke particles was 
approximately the same throughout a wide temperature 
range at any heating rate and in any atmosphere. 

DISCUSSION 

The present study shows that the production of carbon 
oxides is strongly dependent upon the presence of oxy
gen. When cell wall materials were heated in air, carbon 

Figure 6b. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 1.02 mg of lignin in helium at the heating 
rate of 10 oc/min. 
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oxides were produced in quantity while in helium, smaller 
amounts of carbon oxides were produced. Furthermore, a 
tendency was found at higher temperatures for the pro
duction of carbon dioxide to be dominant in air while, in 
helium, carbon monoxide production was dominant. 
Figure 7 summarizes the relation between the total weight 
of smoke particles produced and the weight of sample 
power for a-cellulose under four different smoke produc
tion conditions. It is apparent that the weight of smoke 
particles produced was larger at faster heating rates and/or 
in an atmosphere of helium. 
It is said that the major decomposition product from 
pyrolysis of cellulose is levoglucosan (9) . Levoglucosan 
further decomposes with heat to form flammable gases. 
Accordingly, it can be assumed that when cellulose is 
heated in air, combustion occurs and the heat of combus
tion may contribute to the decomposition of considerable 
amounts of the particulate matter. 
When the heating rate is fast, decomposition products 
generate so rapidly that the formation of particulate 
matter may predominate over the further decomposition 
to gaseous materials . 
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Figure 6c. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 0.56 mg of lignin in air at the heating rate 
of 240 °C/min. 
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In addition, it should be noticed that the linear regression 
lines seen in the analysis of results in air and in helium at 
10 °C/min do not intercept at the origin. This may 
indicate that there is a threshold concentration of vapours 
required to form particles. Moreover, when particles were 
first detected by the laser counter, derivatives of the 
weight loss rate were about 0.03 mg/min2

, regardless of 
the atmosphere, heating rate or sample weight. 
Figure 8 summarizes the results of particle production for 
hemicellulose. As stated previously, no particles were 
found at the heating rate of 10 °C/min. It is known that 
hemicellulose is primarily composed of xylan, and the 
major initial degradation products of xylan by pyrolysis 
have been reported to be 2-furaldehyde and 3-hydroxy-2-
penteno-1,5-lactone; the former is volatile and the latter is 
labile (10). Accordingly, particulate mass may be pro
duced less from the thermal degradation of hemicellulose. 
When the heating rate was fast, particles appeared due to 
the rapid production of above mentioned degraded mate
rials although the amount was small. Evaporation of these 
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Figure 6d. 
Weight loss rate, and production rates of carbon oxides and 
smoke particles from 0.65 mg of lignin in helium at the heating 
rate of 240 °C/min. 
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compounds may be suppressed by high concentration and 
may occur to form particles by condensation and/ or 
coagulation. 
The results of particle production for pectin are sum
marized in Figure 9. Much smaller amounts of smoke 
particles were found at 240 °C/min and no particles at 
10 °C/min. 
Results for lignin are summarized in Figure 10. Since the 
main structures of lignin are a syringyl or guaiacyl group, 
phenols or hydroxy aromatic compounds are probable 
products of thermal decomposition (11 ). Thus, the parti
cles produced in these cases may be expected to contain 
many phenols. 
Figure 11 shows a comparison of the contributions to the 
particle formation of a -cellulose, hemicellulose, pectin and 
lignin in helium at 240 °C/min, conditions which approx
imate to the combustion zone of a cigarette. It is apparent 
from this Figure that a -cellulose and lignin produce much 
more particulate mass, while hemicellulose and pectin 
produce much less. The percentage by weight of particles 



Figure 7. 
Influence of different heating conditions on the relation be
tween weight of smoke particles produced and sample weight 
for a-cellulose; 0 air, 10 °C/min, 0 helium, 10 °C/min, • air, 
240 °C/min., • helium, 240 °C/min. 
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Figure 8. 
Influence of different heating conditions on the relation be
tween weight of smoke particles produced and sample weight 
for hemicellulose; • air, 240 °C/min, • helium, 240 °C/min. 
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Figure 9. 
Influence of different heating conditions on the relation be
tween weight of smoke particles produced and sample weight 
forpectin; • air, 240 °C/min, • helium, 240 °C/min. 
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Figure 10. 
Influence of different heating conditions on the relation 
between weight of smoke particles produced and sample 
weight forlignin; 0 air, 10 °C/min, 0 helium, 10 °C/min, • air, 
240 °C/min, • helium, 240 °C/min. 
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Figure 11. 
Comparison of the capability of particle formation among four 
cell-wall materials in helium at the heating rate of 240 °C/min. 
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produced to the sample weight was 32% for a-cellulose, 
24% for lignin, 3% for hemicellulose and 0.4% for pectin. 
The percentage by weight of these materials in dry 
tobacco leaves are 10-20% for a-cellulose, 5-8% for 
hemicellulose, 3-8% for pectin and 2-3% for lignin. 
Although the smoke formation mechanism of the isolated 
materials and real cigarettes is not the same, it may be 
concluded that a-cellulose contributes most to the forma
tion of smoke particles from cigarettes. On the other 
hand, pectin contributes least. 
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