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Thermogravimetry (TG), derivative thermogravimetry (DTG) and differential
scanning calorimetry (DSC) of tobacco and its some major components were carried
out in helium atmosphere at a wide range of heating rates. One of the principal
objects of the present study is to obtain apparent kinetic parameters useful in predict-
ing the weight loss during the thermal decomposition process of tobacco.

The DTG curves showed that the complex thermal decomposition process of
tobacco could be divided into four reaction zones. Assuming that the weight loss in
each zone arises from the decomposition of a single solid component following n-th
order Arrhenius kinetics, four sets of apparent kinetic parameters were determined
from the TG-DTG curves by Kissinger’s and Coats-Redfern’s kinetic plots. The
observed kinetic equations have been found to be very good empirical descriptions

of the weight loss during the thermal decomposition process of tobacco.

In addition to kinetic analyses, the general characteristics of the thermal

analytical curves of tobacco, as well as the contribution of tobacco components to

them, have been discussed.

1. INTRODUCTION

Kinetic parameters, Le reaction order, pre-
exponential factor and activation energy, for the
thermal decomposition of tobacco should be
essential factors influencing the weight loss or the
density gradient in the evaporation-pyrolysis zone
of a smoldering cigarette’) and consequently, the
formation of smoke components.?)~%

Kinetic approaches to the thermal decomposi-
tion process of tobacco have just started recent-
ly»~5) in the course of studies on the mechanism
of smoldering and smoke formation of a cigarette.
On the basis of a postulated mechanism of tobacco
pyrolysis, Baker?)=*) has derived kinetic parame-
ters affecting the formation rates of carbon
monoxide, carbon dioxide and some other low

molecular weight gases produced when a tobacco
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decomposes on heating. In another work, Tiller and
Gentry®) have determined the kinetic parameters
for the bulk decomposition process of a reconsti-
tuted tobacco using a differential thermal analysis
(DTA) technique.

However, the kinetic parameters reported in
these papers?)~%) do not necessarily serve to
predict the overall weight loss of tobacco solid
occurring during the thermal decomposition or
the smoldering process of a cigarette. This is the
first reason that the present study has been under-
taken. In this study, thermogravimetry (TG),
derivative thermogravimetry (DTG) and differen-
tial scanning calorimetry {DSC) of Bright, Burley
and Matsukawa tobaccos and several major tobacco
components were carried out in an inert atmos-
phere at a wide range of heating rates. Applying
n-th order isothermal homogeneous kinetic equa-
tions, apparent kinetic parameters for the thermal
decomposition of each tobacco were determined
from the TG-DTG curves. The kinetic equations
proposed have been found to be very good empiri-
cal descriptions of the weight loss during the
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thermal decomposition process of tobacco. In
addition to the kinetic analyses, thermal decom-
position patterns of tobacco and its related
components have been characterized qualitatively

based on the thermal analytical curves.
2. EXPERIMENTAL

2.1 Materials Used

Three types of tobacco leaves, i.e. Bright, Burley
and Matsukawa tobaccos, as well as cellulose,
hemicellulose, lignin and pectin isolated from

Burley tobacco by conventional methods®)”)

were
used. All samples were dried at 80°C for 2 hours
and then ground to powder passing through a 80
mesh sieve. The powders were kept dry in a

desiccator.

2.2 Apparatus and Procedures

Thermal analyses were performed using a simul-
taneous differential scanning calorimeter-thermo-
balance (Rigakudenki Co., 8085-D1) and a rapid
heating thermobalance equipped with an infrared
image furnace (ShinkG-Rikd Co., TG-3000). Both
apparatus were provided with a DTG unit. The
former was used for the thermal analysis at a slow
heating rate below or equal to 20°C/nfin, and the
latter was used at a relatively rapid heating rate
above 20°C/min. The latter was employed by
considering the heating rates (100—500°C/min) of
the evaporation-pyrolysis zone in a smoldering
cigarette.

Both TG-DTG curves obtained from the two
different apparatus but at the same heating rate of
20°C/min agreed very well with each other. Conse-
quently, a consideration of the dependence of
TG-DTG curves on the apparatus is infered to be
unnecessary.

Since the atmosphere of pyrolysis zone inside
a smoldering cigarette has been reported to be

oxygen deficient,®

all of measurements were

carried out in an atmosphere of helium at a flow

rate of 60 ml/min. Other conditions are as follows:

calcined alumina

(a—Al,03),

Weight of specimens: 10 + 0.1 mg,

Heating rate 2.5 —-20°C/min for the
conventional TG-DTG-DSC, and 20—240°C/
min for the rapid heating TG-DTG,

Reference material
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70—-580°C
The upper limit of heating rate was chosen taking

Temperature range

into account the reliable responsiveness of the

thermobalance used.

3. DESCRIPTION OF REACTION KINETICS
OF PYROLYSIS

In general, pyrolytic process of a solid material
can be cxpressed by the following simplified

equation:

(1)

and the rate of disappearance of solid reactant A,

aA(s) ﬂbB(Q + CC(S) .

can be expressed by the following Arrhenius

equation:

da

E
17 =7 exp <—ﬁ> fla),

(2)

where the symbols are defined in the Nomenclature
section. The term f(a) is a function of weight loss,
and its form depends on the mechanism of the
reaction. However, it is often found®)~!3 that

f{a) can be represented by:

flay=01—a)". (3)

The following equation may be used to relate

weight loss of A to fraction decomposed,

|4
We

o= )

Various methods!'V=1") for kinetic analysis of
thermal analytical curves have been developed by
applying the isothermal homogeneous kinetic
equation expressed by Eq. 2. Among them two
typical methods simple to use are applied to the
kinetic analysis of the TG-DTG curves of tobacco
decomposition. They are the methods of Kissin-
ger'!) and Coats-Redfern.'®)

Kissinger’s method is based on the dependence
of DTA or DSC peak temperature (7,

p
linear heating rate. In this method, the following

) on the

relation is utilized for first-order reaction kinetics:

Ty _ EN__E
log (“3-) =log (37) = 335577, ()
A plot of log (T,}/ #) against 1/7, should yield a
straight line whose slope and intercept are

E/2.303R and log(E/RZ), respectively. Therefore,
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E and Z can be calculated from the linear plot
Since T, is the temperature at which reaction rate
reaches the maximum, this method may also be
applied to the kinetic analysis of TG-DTG curves.

The method of Coats-Redfern utilizes the
following equation for n-th order kinetics; for
n=1:

1 28T

1—(1=a) ™" | fiez 2RT
: [T(l w7 L¢b< E |

E
T 2303RT (6)
and for n=1
In(l—a) | ZRT
log |— 282 270 ERLEAL
on| 2 g £ ]
E
T 2303RT 7

A plot of either log[{1—(1—a)'~"}/T?(1-n)]
or log[—ln(]—a)/T2]
against 1/T, where n=1, should result in a straight

against 1/7, where n=1,

line with a slope —E/2.303R for the correct value
The value of log [RZ(1-2RT/E)/$E] is

practically constant for most values of £ over the

of n

temperature range where reaction generally occurs.
Therefore, the approximate value of Z can be
calculated from the extraporated intercept of the
linear plot using the value of E obtained from the
slope and the average temperature of the reaction

zone.
4. RESULTS AND DISCUSSIONS

4.1 Thermal Analytical Curves of Tobacco
Figure 1 shows typical TG-DTG-DSC curves of
Bright and Burley tobaccos heated at 20°C/min.
General features of the thermal analytical curves
of Matsukawa tobacco are almost similar to those
of Burley tobacco and they are omitted in Fig. 1.
Since tobacco consists of many components and
its thermal decomposition involves a great number
of pyrolytic reactions, the change in tobacco
weight and endothermic and/or exothermic peaks
ObSerVed on thC thermal analyticﬂl curves Should
be considered as the summation of various pyroly-
tic reactions of respective components. Therefore,
the resulting thermal analytical curves are rather

complicated. However, it may be sure that the
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Fig. 1 TG-DTG-DSC curves of Bright and Burley
tobaccos heated at 20°C/min in the atmos-
phere of helium.

shapes of the thermal analytical curves of tobacco
will be governed to a considerable extent by the
decomposition of certain major components in it.
Based on the characteristic peaks observed on
the DTG

process of tobacco could be divided into four

curves, the thermal decomposition

major reaction zones (I-1V) similarly to the

results reported by others!8»19)

as shown in Fig. 1.
Prior to kinetic analyses, it will be relevant to
review briefly the general characteristics of the
thermal analytical curves divided into four zones.
Zone I: A discernible difference in the shapes
of the TG-DTG curves is observed among tobacco
types. Weight loss is significant for Bright tobacco,
but insignificant for Burley and Matsukawa
tobaccos. The weight loss in this zone has been
mainly attributed to the vaporization'®721 of
hydrated water and volatile materials and the
decompositions)'ls) of sugars in tobacco. Some

20121} have reported that most of such

workers
difference in the TG-DTG curves is accounted for
by the content of volatile materials in tobacco.
However, it seems reasonable to suppose that this
will mainly result from the decomposition of
sugars, since Bright tobacco normally contains
much more sugars (15-30, wt%) than Burley and
Matsukawa tobaccos.

Zone II and Zone III: In both zones a consider-
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able weight loss is observed for all of tobaccos
tested, however, differences in DTG peak tem-
perature and its height are found among tobacco
types. As will be mentioned later, most of the
weight loss in Zone Il appears to be attributable
to the decomposition of pectin, hemicellulose,
lignin, etc. and to the vaporization of high boiling
materials, while that in Zone HI seems to depend
largely on the decomposition of relatively thermo-
stable materials such as cellulose and lignin.

It is interesting to note that the thermal
decomposition in Zone III is likely to be related
to the combustibility of tobacco. Figure 2 shows
the relationship between the rate of natural smol-
dering of cigarette and the DTG peak temperature
observed in Zone Il Each plot in Fig. 2 represents
different material in terms of tobacco type and
stalk position. As can be seen from Fig. 2, the
smoldering rate increases as the peak temperature
becomes lower.

Zone IV: Weight loss proceeds at a slower rate
compared with those in another zones, and any
clear peak cannot be observed on the DTG curves.
The weight loss is probably due to the decomposi-
tion of lignin and some other relatively thermo-
stable materials and to the carbonization of the
char remaining after thermal decomposition in the
preceding zones.

As seen from Fig. 1, neither distinguishable
endothermic nor exothermic peaks appear on DSC
curves, except a small and broad endothermic
peak observed in Zone I for Bright tobacco.
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Fig. 2 Relation between DTG peak temperature
in Zone HI and naturally smoldering rate
of cigarette.
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General features of the thermal analytical curves
mentioned above were unchanged over the range
of heating rates examined. However, these curves
were shifted to higher temperatures and the reso-
lution of adjacent DTG peaks decreased with
increase in heating rate, although it was not so
remarkable as the peaks coalesced.

4.2 Thermal Analytical Curves of Some Tobacco
Components
Hemicellulose, cellulose, pectin and lignin occu-
py 5—8%, 10—20%, 3—10% and 2—3% of tobacco
leaf, respectively, by dry weight basis, and the
sum of these cell-wall materials makes up a con-
Therefore, the

thermal decompositions of these components

siderable portion of tobacco.

should affect the shapes of the thermal analytical
curves of tobacco. In this section, the influence
of these components_on the thermal analytical
curves of tobacco has been studied.

Typical TG-DTG-DSC curves of hemicellulose,
cellulose, pectin and lignin from Burley tobacco
are illustrated in Figure 3. A prominent weight
loss of hemicellulose (Fig. 3a) takes place in the
temperature range of about 200-320°C with a
maximum rate at 275°C, followed by a gradual
weight loss leaving about 40 wt% of carbonized
char at 580°C. The DSC curve exhibits a broad
and small exotherm, but its peak temperature
shifts approximately 20°C to higher side than that
of DTG.

Thermal analytical curves of pectin (Fig. 3c)
exhibit similar pattern to those of hemicellulose,
however, the exothermic peak on DSC curve is
appreciably sharp and its peak temperature co-
incides with that of DTG curve. Although the
profiles of TG-DTG curves of hemicellulose and
pectin determined in this study agree well with

those reported by Ohnishi ef al., 2?23

the profiles
of DSC curves are in conflict with their results.
The DSC curve reported by Ohnishi ef al for
purified tobacco-stalk xylan®?) in a helium atmos-
phere exhibits neither endotherm nor exotherm,
and that for purified tobacco-leaf pectin?® ex-
hibits a small endotherm. This discrepancy may
be ascribed in part to the effects of inorganic
salts remaining in test substances as impurities
(even though the impurities were not examined in
this study). It has been well known®»24)=20) that
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Fig. 3 TG-DTG-DSC curves of tobacco compo-
nents heated at 20°C/min in the atmosphere
of helium.

the presence of inorganic impurities or additives
influence pyrolytic processes of cell-wall materials.

The TG-DTG curves of cellulose (Fig. 3b) show
that a weight loss starts at about 220°C. A rapid
decrease in weight occurs in the temperature range
of about 300-400°C, showing a peak at 360°C.
Then this rapid decline is followed by a very slow
decrease, finally leaving 15 wt% of carbonized
char. The DSC curve of cellulose exhibits a deep
endotherm corresponding to a weight loss. These
results for cellulose agree with those reported by
others.®»?7

The TG-DTG curves of lignin (Fig. 3d) show
that a weight loss occurs over a wide range of
temperatures, 170—500°C, leaving 10 wt% of
carbonized char at 580°C. The DTG and DSC
curves are rather complicated, the former exhibits
two broad peaks at 320°C and at 437°C, and the
latter shows a broad and small endotherm.

Thus, it may be expected that the decomposi-
tions of hemicellulose and pectin, and cellulose in
tobacco contribute to a weight loss of tobacco
occurting in Zone II and Zone III, respectively,
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and the decomposition of lignin contributes to
those in Zones 1I, 11 and IV. However, any peak
corresponding to endotherm or exotherm observed
in each tobacco component cannot be clearly
observed on the DSC curve of tobacco (Fig. 1).
In the thermal decomposition process of tobacco,
pyrolytic reaction of each component will be
overlapping with concurrent pyrolytic reactions
and/or vaporization of other components. Conse-
quently, endotherm and exotherm must overlap

and compensate each other.

4.3 Kinetic Analyses of TG-DTG Curves of
Tobacco

As mentioned above, the thermal decomposition
process of tobacco has apparently been divided
into four zones (I-1V). Thereupon, following a
Baker’s report,) DTG curves were resolved by
hand into four regions as illustrated in Fig. 1 by
dashed lines, in order to estimate the weight loss
within each zone or its ratio to the total weight
loss up to 580°C. Although the total weight loss
and the contribution of respective zone to that
varied slightly with heating rate, the average over
the heating rates examined was used in subsequent
kinetic analyses. These values are listed in Table 1.

The following assumptions have been made to
obtain apparent kinetic parameters, even though
the observed weight loss in each zone arises from
various pyrolytic reactions and vaporization of
many components.

(1) Weight loss in each zone arises from the
decomposition of a single solid component. There-
fore, tobacco consists of four solid components
different from one another.

(2) With a rise in temperature, each solid
component in tobacco is continuously converted
into volatile smoke and carbonized char following
the scheme given by Eq. 1.

Strictly speaking, there remain some theoretical
problems in the assumptions, however, such simpli-
fication is one of the practical approaches to
determine the apparent kinetic parameters useful
in predicting the rate of overall weight loss of
tobacco during the complicated thermal changes.

In any event, it is almost impossible to deter-
mine the kinetic parameters which may admit no
argument or can account for the reaction mecha-
nism of tobacco decomposition clearly. Thereupon,
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Table 1. Apparent kinetic parameters for the thermal decomposition of tobacco
(see Nomenclature)
Bright Burley Matsukawa
Zone [ * Kk *ok ok
n 1 1
E (kcal mol™!) 20.2 20.8
A (min~!) 3.76 x 10° 6.04 x 10°
Weight loss (mg) 1.6 0.5 0.3
Zone II * % * % * %k
n 1 1 1
E (kcal mol™!) 24.5 25.6 20.1
A (min~!) 1.03 x 10%° 4.38 x 1010 2.45x 108
Weight loss (mg) 1.8 1.8 2.2
Zone 111 * * *
n 1 1 1
E (kcal mol™!) 45.7 39.8 40.2
A (min™!) 3.59x 10'¢ 7.91 x 101 5.19 x 10
Weight loss (mg) 1.1 1.7 1.8
Zone IV = x4 o
n 3 3 3
E (kcal mol™!) 25.2 27.9 29.1
A (min~?) 2.81 x 10 1.58 x 10° 3.67 x 10°
Weight loss (mg) 1.9 1.7 1.8
Residual weight {mg) 3.6 4.3 3.9

* Measured by Kissinget’s method.

** Measured by Coats-Redfern’s method.

#%* Not determined because the weight loss is a very small amount.

assuming a first-order reaction relationship, we
tried to determine the apparent kinetic parameters
for the decomposition in each zone from the
dependence of the DTG peak temperature on the
linear heating rate (i.e., Kissinger’s method). How-
ever, since any clear DTG peak was not found in
Zones I (except Bright tobacco) and IV over the
heating rates tested, kinetic analyses for these
zones were carried out separately by Coats-
Redfern’s method.

measured average heating rates over the tempera-

In both analyses, actually

ture range of 100° to 580°C were used instead of
programed ones.

Figure 4 shows Kissinger's kinetic plots for
Zone I, II and IIT of Bright tobacco. The plots for
Burley and Matsukawa tobaccos, though they are
not shown in Fig. 4 because of overcrowding, are
similar to those for Bright tobacco. The Kissinger’s
plot for each zone gives a straight line except Zone
II. The weight loss in Zone 11 will be later analyzed
again by Coats-Redfern’s method. Kinetic parame-
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Fig. 4 Kissinger’s kinetic plots for the first-order
thermal decomposition in Zones I, II and
HI of Bright tobacco.

ters determined from the straight line by the least
squares method are summarized in Table 1.

(1 cal =
4.1840 J), for Zone I of Bright tobacco seems to

Activation energy, 20.2 kcal mol™!
be suggestive of decomposition of sugars, since the
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value is comparable to those (18—26 kecal mol™!)
for the thermal decomposition of glucose and
fructose reported by Orsi.?® Kinetic parameters,
39.8-45.7 kcal mol~! and 7.91—3.60x10%® min~!,
for Zone III are the same order as those (44.7 kcal
mol™1, 2.34x10'® min~') for the first-order weight
loss of a linter cellulose under isothermal condi-
tions in the range from 273° to 318°C, reported by
Hirata et al.?) Tiller and Gentry®) have calculated
the kinetic parameters for the thermal decomposi-
tion of a reconstituted tobacco from its DTA
curves, and found the kinetic parameters corre-
sponding to the decomposition of cellulose to be
43 kcal mol™! and 3.48x10!5 min~!. These values
also agree well with those obtained in this paper.

Coats-Redfern’s kinetic plots were made on the
data ranging in the fraction of reactant decom-
posed, «, from 0.3 to 0.7 by changing the value
of reaction order, n, from 0 to 4.0 in steps of 0.5.
In Zone II, as well as in Zone 1 for Burley tobacco,
reaction orders ranging from 1.0 to 2.0 give higher
correlation coefficients than others over the heat-
ing rates examined, regardless of tobacco type.
While, in Zone 1V, the highest correlation coeffi-
cient is observed for a reaction order of 3.0,
although reaction orders of 2.5 and 3.5 also give
high correlation coefficients. Thus, the best fitting
empirical reaction orders for Zones I and II and
Zone IV are considered to be first- and third-order,
respectively. Such the best fitting Coats-Redfern’s
plots for Zones II and IV of Bright tobacco are
illustrated in Figure 5.

Temperatyre , 7/°C

500 450 4006 250 300 259
'—l—‘ -4.75¢7 T T T Y T T
3l Zone IV
~j5. -s.00k
t -5.25F Zone It
2 5 h
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<0 =5.75F
3 <
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|'\ -\
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Fig. 5 Coats-Redfern’s kinetic plots for the
thermal decomposition in Zones II and
IV of Bright tobacco.
Heating rate: ——{— 20°C/min
—O0—C— 240°C/min
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Observed kinetic parameters varied with heating
rate, especially those for Zone II. For example, the
value of activation energy for Zone II of Bright
tobacco changed from 21.7 keal mol™! ($=2.5°C
min~!) to 27.5 kecal mol™! (¢=240°C min™'). This
variation suggests® that the nature of thermal
decomposition process essentially is not so simple
as to be governed by a single kinetic equation. In
the present study, the average has been used as the
experimental value for kinetic parameter. These
are summarized in Table 1.

Theoretical TG curves derived numerically from
the kinetic parameters shown in Table 1 were
compared with experimental master TG curves
over a wide variety of heating rates. In general,
the theoretical curves approximate to experimental
ones as illustrated in Figure 6. The agreement

between theoretical and experimental curves
demonstrated that the observed kinetic parameters
are useful in predicting the overall weight loss of
tobacco solid during the smoldering process of
a cigarette.

For an example, Figure 7 compares theoretical
and experimental profiles of density and tempera-
ture in the evaporation-pyrolysis zone inside a
naturally smoldering cigarette. The experimental
profiles were measured using thermocouples and
a beta-ray attenuation technique. The theoretical
profiles were derived from a one-dimensional
The model in-

cludes decomposition of tobacco solid obeying

mass- and heat-transfer model.

n-th order kinetics specified in this study, as well
as evaporation of water, heat transmission by

conduction, radiation and free convection, etc.

$=240 °C min™'

e
T

oo
T

$=207C mint

Residual weight ~ mg

T TR T R T T R . Ry Y 1
Temperature, 7/°C
Fig. 6 Comparison of theoretical and experimental
TG curves for Bright tobacco.
Experimental,
~~~~~~~~~~~~~ Theoretical
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Fig. 7 Comparison of theoretical and experimental
density and temperature profiles in the
evaporation-pyrolysis zone of a naturally
smoldering cigarette containing Burley
tobacco.

::gjjjg: Experimental,

Theoretical

Further details of the model and the experimental
procedures will be published in near future.!

As can be seen from Fig.7, the theoretical
profiles of density and temperature in the evapo-
ration-pyrolysis zone agree closely with the experi-

mental ones.
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NOMENCLATURE
Ay :reactant (solid phase, #)

By : product (gas phase, #)
Ci) i product (solid phase, #)

E : activation energy (cal mol™!,
1 cal=4.184 J)

R : gas constant {1.98 cal mol™! K71)

T : temperature (K or °C)

7, : peak temperature on thermal analytical
curves (K or °C)

We : weight loss at completion of reaction (mg)

W : weight loss up to time, 1, or temperature,
T (mg)

VA : pre-exponential factor (min=!)
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et
a, b, ¢ : stoichiometric coefficients in Eq. 1 (#)
: time (min)
o : fraction of Ag, decomposed at time, ¢,
defined by a=W/W, (#)
] : linear heating rate (K min~! or °C min_l)
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