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ABSTRACT: Tobacco features chemical compositions different from that of raw
lignocellulosic biomass. Currently, the performance of network models, like Bio-
Chemical Percolation Devolatilization (Bio-CPD), on tobacco pyrolysis is
unclear, and only global kinetics have been proposed for tobacco devolatilization,
which does not have the versatility for a wide range of heating conditions and
tobacco types. To address this issue, the present work first assessed the
performance of the Bio-CPD model on tobacco pyrolysis through an a priori
study, which showed large deviations. Afterward, an extended Chemical
Percolation Devolatilization model for tobacco pyrolysis (Toba-CPD) was
developed by modifying the kinetic parameters using a grid-search optimization
strategy. The process of grid-search optimization strategy is based on the kinetic
parameters of the Bio-CPD model and modified with experimental results of 11
tobacco types under a wide range of heating rates. Finally, the performance of
Toba-CPD was measured with experimental results which were not used during parameters optimization. Results demonstrated that
the Toba-CPD models could well reproduce the pyrolysis of various tobacco types under a wide range of heating rates (R2 > 0.957).

1. INTRODUCTION
There is a large amount of tobacco produced worldwide.1

Most tobacco is used for producing cigarettes, which is very
unhealthy.2 Hence, there is an urgent need to find other
possible uses for tobacco instead of producing cigarettes.
Tobacco could be utilized by thermochemical and biochemical
routes, such as gasification, combustion, and carbonation, in
which pyrolysis is always the primary step.3−5 Therefore, it is
necessary to study the pyrolysis behavior of tobacco and then
establish accurate pyrolysis models, which is significant for
developing healthy utilization technologies of tobacco.

Tobacco is a plant material and consists of some 3800
constituents, ranging from small organic and inorganic
molecules to biopolymers.6,7 Owing to the importance of an
in-depth understanding of tobacco’s pyrolysis, considerable
researches are focusing on this topic. Experimental methods,
such as gas chromatography/mass spectrometry (Py-GC/
MS),8,9 thermogravimetric analyzer coupled with Fourier
transform infrared spectrometry (TG-FTIR),9−11 macro-
thermogravimetric (macro-TGA),8 and thermogravimetric
mass spectrometry (TG-MS)8,9 were usually used to
investigate the pyrolysis of tobacco, including studying the
effect of oxygen on in situ evolution of chemical structures
during tobacco’s pyrolysis,8 finding the pyrolysis character and
major pyrolysis products,9 investigating the effect of different
tobacco particle sizes on pyrolysis,12 and revealing how the
volatile products formed.10 Compared with experimental
studies, there have been fewer studies establishing models for

tobacco pyrolysis. Chen et al.13 proposed a mathematical
model for smoldering cigarettes, including the char combustion
processes, the pyrolysis of virgin tobacco, and evaporation of
water. However, the model can only be used for predicting the
temperature and density profiles in smoldering cigarettes, and
its performance on other tobacco types and heating conditions
was unclear. Encinar et al.14 established a kinetic model for
pyrolysis (including maize, sunflowers, grape, and tobacco)
from gas generation by experiment. However, the model
assumed the generation of gases during the pyrolysis was a
series of independent first-order parallel reactions, which is far
from reality. Gao et al.15 calculated the best linearity of
different reaction models for fitting the Coats-Redfern
equation from experimental data. However, tobacco pyrolysis
is a very complicated chemical reaction process, which can not
be well represented by one global reaction or simple reaction
combination.

In summary, the established tobacco pyrolysis kinetics
usually using global reaction kinetics, which works well for the
selected tobacco types and heating conditions. But there is a
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lack of an accurate model which could well reproduce the
tobacco pyrolysis behaviors for a wide range of tobacco types
and heating conditions. On the other hand, tobacco could be
regarded as a special type of biomass with different chemical
compositions.6,7 Regarding the modeling of biomass pyrolysis,
there have been some advanced network models reported,
such as the biochemical percolation devolatilization model
(Bio-CPD),16−18 functional group-depolymerization vapor-
ization cross-linking,19 and FLASHCHAIN models.20 These
well-established network models worked well for common
biomass types, but their performances on tobacco pyrolysis are
still unclear. As regard to the Bio-CPD model, it was developed
for biomass pyrolysis by Fletcher et al.,16−18 and can be used to
study the pyrolysis mechanism of the major biomass
constituents.21 Actually, the Bio-CPD model was extended
from the coal CPD model to model the pyrolysis of hardwood,
softwood, kraft, xylan, and glucomannan.22 The extension was
made by retaining the reaction scheme and modifying both the
structural parameters and the reaction kinetics parameters for
the three major biomass components. But the performance of
the Bio-CPD model on the tobacco pyrolysis is unclear.
Considering the previous successful extension of the coal CPD
model to the Bio-CPD model, it is a reasonable choice and
route to further extend the Bio-CPD to the Toba-CPD for
tobacco pyrolysis.

Based on the above backgrounds, the aim of the present
work is to develop an extended CPD model for tobacco
pyrolysis, named the Toba-CPD model. In this model, the
general reaction scheme was kept the same as that of the Bio-
CPD model, but the kinetic parameters of the reaction routines
were modified by a grid-search optimization strategy with the
experimental data (various tobacco types and heating
conditions) as benchmarks. The present work followed the
following steps. First, the pyrolysis process of 11 kinds of
tobacco under a wide range of heating rates (10−500 K/min)
were measured through TGA and then used to establish a
pyrolysis database for the development and validation of the
Toba-CPD model. Second, the performance of the traditional
Bio-CPD model was accessed through the a priori study on the
established database. Third, a grid-search optimization method
was used to alter the kinetic parameters of the traditional Bio-
CPD model to obtain a set of general kinetic parameters for a
wide range of heating rates and tobacco types, furthermore
developing the Toba-CPD model for a specific tobacco and
general tobaccos. Finally, the model performance was
confirmed by the a posteriori analysis on the unseen tobacco
and heating rates.

The rest of this paper is organized as follows. The
information on tobacco samples, the experimental methods,
and the algorithms of CPD and Toba-CPD models are
introduced in section 2. Section 3 presents and discusses the
results and discussion, including the a priori study of the Bio-
CPD model on tobacco pyrolysis, and the performances of the
specific Toba-CPD and general Toba-CPD models in
predicting tobacco pyrolysis on seen and unseen data sets.
The final section provides some concluding remarks.

2. MATERIALS AND METHODS
In this section, information on tobacco samples, and
experiment methods are introduced. Then the basic theory
and formulas of the CPD model are briefly introduced. Finally,
the grid-search optimization strategy is introduced.

2.1. Experimental Methods. In the present study, in total
11 tobacco samples were studied in the experiments. The
chemical analysis of each tobacco sample was done to specify
the difference of different tobacco sample. The chemical
analysis information, including total sugar (TS), starch (ST),
reducing sugar (RS), chlorine (Cl), potassium (K), and
nitrogen (N), were measured by a continuous flow analyzer
(Alliance-Futura), as listed in Table 1. The sugar, starch,

reducing sugar, Cl, K, and N contents of the 11 samples range
from 27.38%−37.10%, 1.91%−2.66%, 24.37%−30.42%,
0.27%−1.85%, 1.34%−2.50%, and 1.59%−2.09%. The meas-
urement uncertainty of TS, ST, RS, Cl, K, and N is ±0.52%,
±0.04%, ±0.62%, ±0.014%, ±0.06%, and ±0.04%, respec-
tively.

From the perspective of the tobacco industry, chemical
analysis is very important and widely used to describe the
tobacco samples owing to the strong relation between chemical
analysis and the quality of tobacco. So, herein, the chemical
analysis results are used rather than proximate analysis and
ultimate analysis.

Figure 1a shows the schematic of the pyrolysis process. With
the heat provided by surrounding chamber, tobacco particles
began to release gas. With the increasing temperature, more
gas was released and the char and tar were formed.

Table 1. Chemical Analysis of the Tobacco Sample

Sample
Sugar
(%)

Starch
(%)

Reducing Sugar
(%)

Cl
(%)

K
(%)

N
(%)

1 33.08 2.38 28.43 0.45 1.94 1.84
2 27.38 2.64 24.37 0.85 1.95 1.94
3 35.32 2.31 30.42 0.29 1.74 2.08
4 32.09 2.66 26.70 0.49 1.73 1.86
5 29.37 2.29 23.85 0.29 2.26 1.71
6 31.19 2.28 27.74 0.48 2.49 1.80
7 37.10 2.25 31.25 0.27 1.53 1.95
8 35.54 2.57 30.35 0.31 1.57 1.98
9 31.10 2.27 27.73 0.48 2.50 1.85
10 34.62 2.11 27.29 0.59 1.65 2.09
11 30.59 1.97 26.56 0.75 1.34 1.59

Figure 1. (a) Schematic of the pyrolysis process. (b) Discovery
thermogravimetric analyzer produced by TA Instruments.
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All of the thermogravimetric analysis (TGA) was done by
the Discovery thermogravimetric analyzer produced by TA
Instruments as shown in Figure 1b. The experiments were
done in the following way. First, the tobacco samples were
triturated into particles and then passed through a 178 μm
diameter (80 mesh) sieve. Second, 8 mg samples were
dehydrated by being heated to 473 K at a heating rate of 40
K/min from room temperature and held at that temperature
for 30 min, and the weight of samples after dehydration was set
as 100%. Third, the dehydrated samples were then
devolatilized at different heating rates (10, 25, 50, 75, 100,
125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375, 400,
425, 450, 475, and 500 K/min in the present work) from 473
K to 1173 K, and their mass loss with the increasing
temperature was recorded. All the experiments were conducted
under a nitrogen atmosphere at a flow rate of 40 mL/min, and
each test was repeated three times to ensure the reproducibility
of the result.

In this manuscript, each major component (cellulose*,
hemicellulose*, and lignin*) of the tobacco samples is
obtained from the literature,23 as both works share the same
samples (Table 2). And there are full descriptions with details

in the literature;23 for brevity, there is no discussion about
those here. It is worth noting that the asterisk (*) is used to
distinguish those from the common components of normal
biomass.

2.2. CPD Model. The CPD model was developed by
Fletcher et al.24 for coal devolatilizations. It predicts coal
devolatilization yields as a function of time, temperature,
pressure, and heating rate. The CPD model considers that coal
is made up of a macromolecular chain of aromatic clusters
linked through chemical bridges, which have been classified as
the labile bridges and the charred bridges. With the increase of
temperature, the bridges (ψ) become activated (ψ* in Figure
2) and can proceed through two competing pathways: one is
to form tar (δ in Figure 2) and subsequent gas (g1 in Figure 2)
with further reaction, and the other is to form gas (g2 in Figure
2), as well as the bridges left intact form char (c in Figure 2).

The reaction kinetics can be described by the following
equations.

=
t
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d
d b (1)
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= + *

t
k k k

d
d
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bridges, tar, subsequent gas with tar, subsequent gas with char,
and char.

When the reaction is close to the equilibrium state, eq 2
equals 0 and eq 3 can be derived,

*
+

k
k k

b

c (3)

= *
+

=
+

c
t

k
k k

k k
kd

d 1c
b c

c

b

(4)

in which,

= = ±k
k

A e
c

E V RT( )/( )P po

(5)
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where reaction rates kb and kg can be calculated by the
Arrhenius law,

= ±k A eb b
E V RT( )/( )b pb (7)

= ±k A eg g
E V RT( )/( )g pg

(8)

where kb, Ab, Eb, and Vb are the reaction rate, frequency factor,
activation energy, and standard deviation of labile bridge
dissociation reaction. kg, Ag, Eg, and Vg are the reaction rate,
frequency factor, activation energy, and standard deviation of
gas release reaction, respectively. ρ is the composite rate
constant and R is the gas constant.

There are some other equations used in the CPD model but
the parameters of them are not the key parameters in the
present work, so for brevity, they are not listed here and the
interested readers could refer to refs 24−26.

The coal CPD model has been further extended to the Bio-
CPD model by Fletcher et al.,25,26 which has been used to
predict biomass pyrolysis behavior, and good agreement
compared with experimental data has been achieved.16−18

Commonly, biomass is a term for all organic material that
stems from plants (including algae, trees, and crops) and
contains varying amounts of cellulose, hemicellulose, lignin,
and a small number of other extractives.27 Regarding the
implementation of the Bio-CPD model, it is individually
calculated for the three major components (cellulose, hemi-
cellulose, and lignin) with different structural and kinetic
parameters. Then, the total yield is the linear combination of
each constituent component.

2.3. Toba-CPD Model. The flow map of how to build the
Toba-CPD model is shown in Figure 3. The Toba-CPD model
retains the general kinetic framework of the Bio-CPD model,
but the kinetic parameters of the reaction routines were

Table 2. Major Components (Cellulose*, Hemicellulose*,
and Lignin*) of the Tobacco Samples23

no. hemicellulose* (%) cellulose* (%) lignin* (%)

1 25.62 6.98 45.05
2 36.07 5.65 41.89
3 23.89 6.58 46.21
4 26.49 4.29 42.20
5 26.69 6.75 47.46
6 15.20 14.93 47.48
7 25.39 5.88 42.93
8 25.96 5.22 43.44
9 27.57 4.98 45.48
10 12.26 12.48 46.18
11 31.84 4.86 45.09

Figure 2. Reaction scheme of the CPD model.24
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modified by using a grid-search optimization strategy with
experimental data (various tobacco types and heating
conditions) as benchmarks. In the grid-search method
optimization strategy, the parameters space is meshed within
certain ranges with equal adjustment steps (details will be
introduced in the following paragraph). A set of parameters at
each step is taken as the input parameters of the Bio-CPD
model to obtain a prediction of the tobacco pyrolysis TGA
profile. Then the difference between the calculated TGA and
experimental TGA profiles is measured with R2. The best R2

among all R2s is selected, and the situation will be different
based on the value of the best R2. If the best R2 is larger than
0.8, the set of parameters with the best R2 is selected as the
optimal kinetic parameters of the Toba-CPD model.
Otherwise, the set of parameters with the best R2 is regarded
as the new original parameters for the next loop. From the
principle of the CPD model and our preliminary test results,
the yield and the peak area of the derivative thermogravimetry
(DTG) curve are mainly affected by the composite rate
constant ρ, and the peak position of the DTG curve is mainly
affected by activation energy Eb of the labile bridge dissociation
reaction and activation energy Eg of gas release reaction. While
the half-peak width of the DTG curve is mainly influenced by
the standard deviation Vb of the bridge bond fracture reaction
and the standard deviation Vg of the gas release reaction.

According to the preliminary test of adjusting parameters, and
considering both the accuracy and the cost of the calculation,
the parameters Eb, Eg, Vb, Vg, and ρ are chosen to be adjusted
in the present work. The searching space for ρ is set as ±25%
of the standard value in the Bio-CPD model, and the searching
spaces for Eb, Eg, Vb, and Vg are set as ±40% of the standard
value in the Bio-CPD model, and the searching steps for all
parameters are set as 10 for each loop. And it is worth noting
that the selection of parameters space and step are not
empirical; we determined the parameters space and step after a
trial-and-error pretest.

3. RESULTS AND DISCUSSION
In this section, we first present the a priori analysis result of the
Bio-CPD model for tobacco pyrolysis. Then the results of the

Toba-CPD model, including the Toba-CPD model for a
certain tobacco and the general Toba-CPD model for a wide
range of tobacco samples are introduced step-by-step.

3.1. A Priori Study on the Bio-CPD Model for Tobacco
Pyrolysis. Figure 4 shows comparisons of experimental results
and the predictions of the Bio-CPD model for each major
component (cellulose*, hemicellulose*, and lignin*), and their
mixture for tobacco sample No. 1. Based on the principle of
Bio-CPD, the sample’s pyrolysis result is the linear
combination of each constituent components. The subfigure
on the right bottom is titled with the tobacco*, which is the
total yield calculated by the linear superposition with
cellulose*, hemicellulose*, and lignin*. The dark dots stand
for the experiment result, and the blue lines are the result of
the Bio-CPD model. As mentioned before, present work

Figure 3. Flow map of the Toba-CPD model.

Figure 4. Comparisons of experimental results with and the predictions of the Bio-CPD model for each major component (cellulose*,
hemicellulose*, and lignin*) and their mixture (tobacco*) for sample no. 1.

Table 3. Kinetic Parameters of the Specific Toba-CPD
Model for Tobacco Sample No. 1

parameter cellulose* hemicellulose* lignin*
Eb(kJ/mol) 47.7 55.479 60.388
Ab (s−1) 2.1 × 1015 1.2 × 1020 7.04 × 1016

Vb(kJ/mol) 0.54 2.096 9.809
Eg(kJ/mol) 46.805 43.616 64.125
Ag (s−1) 3 × 1015 3 × 1015 2.3 × 1019

Vg(kJ/mol) 2.97 5.408 12.422
ρ(−) 1.35 1.57 1.72
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focuses on modeling three components (hemicellulose*,
cellulose*, and lignin*), where the direct comparisons with
the Bio-CPD model are achieved. The results show that the
Bio-CPD model would give large deviations in predicting the
pyrolysis process of each component, especially for cellulose*
and lignin*. The R2/RMSE (root mean square error) of the
predictions for cellulose*, hemicellulose*, lignin*, and
tobacco* are 0.529/21.398, 0.862/10.206, 0.847/10.359, and
0.946/4.857 respectively, calculated by eqs 9 and 10.

= =

=

R
y y

y y
1

( )
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N i i
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2 1
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jjjjjj

y
{
zzzzzz (10)

where y(i)
exp is the experimental value, y(i)

pred is the predicted
value and ŷexp is the average experimental value.

As mentioned before, compared with the CPD model, the
Bio-CPD model retains the same reaction schemes, but the
structural parameters are modified for each component, and
reaction kinetics are also performed by considering the three
components’ reactions. Those changes made the Bio-CPD
model suitable for typical lignocellulosic biomass like
Sawdust.25 Therefore, based on the same logic, the present
work developed the Toba-CPD model by modifying the
reaction kinetics of the three major components based on the
same reaction scheme and structural parameters of the Bio-
CPD model.

3.2. Toba-CPD Model for a Specific Tobacco. To
establish the Toba-CPD model for a specific tobacco, the
pyrolysis data of tobacco no. 1 at various heating rates (starting
from 25 to 500 K/min with a step of 25 K/min, the
experimental results at 10 K/min are used for evaluating) are
set as the input data for parameter searching. Table 3 lists the
optimal sets of kinetic parameters for cellulose, hemicellulose,
and lignin after parameter searching.

After the optimal reaction kinetic parameters are obtained,
the parameters are taken into the model, and then applied to

Figure 5. Comparison of experimental results and predictions of the Bio-CPD and Toba-CPD models for tobacco no. 1 at 10 K/min: (a) TG, (b)
DTG.

Table 4. Kinetic Parameters of the Specific Toba-CPD
Model for Tobacco No. 2

parameter cellulose* hemicellulose* lignin*
Eb(kJ/mol) 44.685 51.879 48.727
Ab (s−1) 2.1 × 1015 1.2 × 1020 7.0 × 1016

Vb(kJ/mol) 0.135 4.396 7.258
Eg(kJ/mol) 46.816 27.695 64.125
Ag (s−1) 3 × 1015 3 × 1015 2.3 × 1019

Vg(kJ/mol) 0.972 6.708 11.969
ρ(−) 1.28 2.02 1.72

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05098
ACS Omega 2022, 7, 36776−36785

36780

https://pubs.acs.org/doi/10.1021/acsomega.2c05098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05098?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


predict the pyrolysis behavior of tobacco no. 1 at 10 K/min,
which is unseen during parameter searching. Figure 5(a) shows
the comparisons of the TG results measured from experiments
and predicted by the Bio-CPD and Toba-CPD models, in
which dark dots stand for the experiment result, and the red
and blue lines stand for the Toba-CPD and Bio-CPD
predictions, respectively. Figure 5(b) shows the comparisons
of the DTG profiles. The DTG curve is obtained by
temperature differentiation of the TG curve. Table 5 lists the
R2 and the RMSE of the Bio-CPD and Toba-CPD models’
prediction. Obviously, compared with the Bio-CPD model, the
Toba-CPD model for a specific tobacco is more accurate. The
R2 of the Toba-CPD predictions are 0.928, 0.995, 0.985, and
0.994 for cellulose*, hemicellulose*, lignin*, and tobacco*,
respectively. All of them are very close to 1. The RMSE of
Toba-CPD is 8,376, 2.013, 3.276, and 1.634 for cellulose*,
hemicellulose*, lignin*, and tobacco*, respectively. On the
contrary, R2/RMSE of the Bio-CPD model’s prediction is
0.529/21.398, 0.862/10.206, 0.847/10.357, 0.946/4.787 for
cellulose*, hemicellulose*, lignin* and tobacco*, respectively.
All R2s (or RMSEs) are smaller (or larger) than those of the
Toba-CPD predictions. From Figure 5(a), the curve of
tobacco* from the Toba-CPD model for a specific tobacco is
quite smooth and is in good agreement with the experimental
curve, but that of the Bio-CPD model is quite uneven and far
from the experiment curve. It is worth noting that the R2 of the
Bio-CPD model for tobacco* is better than that for each

component. This occurs because adding the results of the three
components will reduce the error. Some results of the Bio-
CPD model may be larger than the experiment results such as
that for cellulose*, while the others may be smaller than the
experiment results such as that for lignin*, and when adding
them together, the error will be reduced. But it can be seen
from Figure 5(a) that the curve is quite uneven and far from
the experiment curve.

The Toba-CPD model performs better than the Bio-CPD
model which can also be seen in Figure 5(b). In Figure 5(b),
the abscissa corresponding to the maximum point of the
pyrolysis rate is the characteristic temperature of the subpeak,
which is also called the pyrolysis temperature. The area of
peaks refers to the mass ratios of the corresponding
components. It shows that the predictions of the Toba-CPD
model agree well with the experimental results. It is interesting
to find that the DTG curves of the cellulose frequently show a
sharper peak than that of hemicellulose and lignin, which
conforms to the results from the literature28 and proves the
accuracy of the Toba-CPD model. Because the DTG results
are calculated from the TG results, for brevity, we only show
the TG results in the following part. We believe Toba-CPD
performs much better than Bio-CPD due to the optimization
of kinetic parameters. After the grid-research optimization
method based on a large number of experimental data, the
proper kinetic parameters for tobacco have been found,
resulting in a better performance of Toba-CPD.

Figure 6. Comparisons of experimental results and predictions of the Bio-CPD and Toba-CPD models for tobacco no. 2 at (a) 25 K/min, and (b)
475 K/min.
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After verifying the feasibility of our grid-search method
optimization strategy in optimizing kinetic parameters for
Toba-CPD, the following part will test the model’s perform-
ance on different heating rates. The pyrolysis data of tobacco
no. 2 at different heating rates (starting from 10 to 500 K/min
with a step of 25 K/min except for 20 and 475 K/min) are
chosen as the input data for parameter searching by a grid-
research optimization method. Table 4 lists the results of the
parameter searching.

After the reaction kinetic parameters are obtained, the
parameters are taken into the model and then applied to
predict the devolatilization process of tobacco no. 2 at 25 and
475 K/min. These parameter values are used for evaluating the
model and have not been input during parameter searching.
The results are shown in Figure 6.

Figure 6 shows the comparisons of the TG results of tobacco
no. 2 at 25 K/min (a) and at 475 K/min (b) predicted with
the Bio-CPD and Toba-CPD models, in which the same labels
in Figure 6 are used. It can be the seen that Toba-CPD model
still performs better than Bio-CPD of tobacco no. 2 at both
low (25 K/min) and high (475 K/min) heating rates. From
Table 5, the R2 values of the Toba-CPD model are 0.989,
0.891, 0.964, and 0.965 for cellulose*, hemicellulose*, lignin*

and tobacco* at 25 K/min, respectively, and those at 475 K/
min are 0.95, 0.989, 0.859 and 0.957, respectively. All of them
are very close to 1 and larger than those of the Bio-CPD
model, which are −0.058, 0.799, 0.574, and 0.938 at 25 K/min,
and are 0.519, 0.964, 0.290, and 0.705 at 475 K/min. The error
of the Bio-CPD model is quite large, especially for the cellulose
of tobacco no. 2 at 25 K/min, for which R2 equals −0.058,
even less than 0. Also, similar to the previous, R2 of tobacco*
of the Bio-CPD model is larger than that of the individual
components because adding the results of the three
components will reduce the error.

From all above, it can be concluded that the Toba-CPD
model for a specific tobacco is much better than the traditional
Bio-CPD model and is capable of modeling the pyrolysis of
specific tobaccos under different heating rates. We will now
further develop the general Toba-CPD model for various
tobacco types in the next section.

3.3. General Toba-CPD Model for Various Tobaccos.
After confirming the feasibility of the Toba-CPD model for a
specific tobacco, a general Toba-CPD model is further
developed for various tobacco types. Like before, the pyrolysis
data of all tobaccos at various heating rates (starting from 10 to
500 K/min with a step of 25 K/min except for tobacco no. 1 at
50 K/min and tobacco no. 11 at all heating rates) are used as
the input data for parameter searching. Table 6 lists the results
from parameter searching.

After the optimal reaction kinetic parameters are obtained,
the parameters are taken into the model, and then applied to
predict the pyrolysis behavior of tobacco no. 1 at 50 K/min
and tobacco no. 11 at 100 K/min, which are unseen during
parameter searching. The results are shown in Figure 7.

Figure 7 shows the comparison of experimental results and
predictions of the Bio-CPD model and the general Toba-CPD
model for tobacco no. 1 at 50 K/min(a), and tobacco no. 11 at
100 K/min (b). The labels are the same as those in Figure 5.
Table 7 lists R2 and RMSE values of the predictions of the Bio-
CPD and Toba-CPD models against the experiment. The R2/
RMSE values of the Toba-CPD model are 0.998/1.248, 0.976/
4.343, 0.981/3.657, and 0.987/2.376 for cellulose*, hemi-
cellulose*, lignin*, and tobacco* for tobacco no. 1 at 50 K/
min, respectively, and those for tobacco no. 11 at 100 K/min
are 0.995/2.375, 0.958/5.693, 0.980/3.663, and 0.985/2.834,
respectively. All their R2 values are very close to 1, and RMSEs
are quite small. From Figure 7, the curves of Toba-CPD on
tobacco* are also close to the experimental curves. It is worth
noting there no pyrolysis data of tobacco no. 11 had been
inputted for parameter searching, which is totally new for the
model. On the contrary, other parameters searching are
performed only without inputting the pyrolysis data at a certain
heating rate. So, the general Toba-CPD’s performance on
tobacco no. 11 can prove the generality of the Toba-CPD
model, and it is quite good with R2 equaling 0.985, RMSE
equaling 2.584, and the curves being very similar to the
experimental curve. From what has been discussed above, we
can reasonably arrive at the conclusion that the general Toba-
CPD model is able to model tobacco pyrolysis and is much
better than the Bio-CPD model for tobacco pyrolysis.

Then, we further compare the specific Toba-CPD with the
general Toba-CPD. Figure 8 shows the TG results of specific
Toba-CPD and general Toba-CPD of tobacco no. 1 at 10 k/
min, in which dark dots stand for the experiment result, and
the red line, green line, and blue line stand for specific Toba-
CPD, general Toba-CPD, and Bio-CPD, respectively. It is hard

Table 5. R2 and RMSE of Bio-CPD and Specific Toba-CPD
Model Predictions

no.
heating
rate model cellulose* hemicellulose* lignin* tobacco*

R2

1 10 Toba-
CPD

0.928 0.995 0.985 0.994

Bio-
CPD

0.529 0.862 0.847 0.946

2 25 Toba-
CPD

0.989 0.891 0.964 0.965

Bio-
CPD

−0.058 0.799 0.847 0.938

2 475 Toba-
CPD

0.950 0.989 0.859 0.957

Bio-
CPD

0.519 0.964 0.290 0.705

RMSE
1 10 Toba-

CPD
8.376 2.013 3.276 1.634

Bio-
CPD

21.398 10.206 10.359 4.787

2 25 Toba-
CPD

3.114 8.708 5.087 3.851

Bio-
CPD

30.877 8.463 10.527 5.106

2 475 Toba-
CPD

7.078 2.872 9.725 4.293

Bio-
CPD

21.990 5.112 21.809 11.181

Table 6. Kinetic Parameters of the General Toba-CPD
Model Obtained from Parameter Searching

parameter cellulose* hemicellulose* lignin*
Eb(kJ/mol) 39.559 53.584 54.139
Ab (s−1) 2.1 × 1015 1.2 × 1020 7.0 × 1016

Vb(kJ/mol) 1.471 3.728 7.581
Eg(kJ/mol) 34.925 22.863 58.206
Ag (s−1) 3 × 1015 3 × 1015 2.3 × 1019

Vg(kJ/mol) 1.438 5.393 10.296
ρ(−) 1.37 1.99 1.56
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to tell which model performs better only on the figure; both
models (specific Toba-CPD and the general Toba-CPD) show
similar behaviors. The R2 of specific Toba-CPD is 0.998, 0.976,
0.981, and 0.987 for cellulose*, hemicellulose*, lignin*, and
tobacco* for tobacco no. 1 at 10 K/min, respectively, and
those of general Toba-CPD are 0.928, 0.995, 0.985, and 0.994.
While the RMSE of specific Toba-CPD for tobacco* is 1.634
and that of general Toba-CPD is 1.974. From the comparison
of R2 and RMSE, specific Toba-CPD is slightly better than

general Toba-CPD. Hence, it can be concluded that the
general model can predict tobacco pyrolysis at a high accuracy,
which is close to specific Toba-CPD in accuracy but with more
generality.

The Toba-CPD model currently has potential limitations.
First, the heating rate range of the experimental equipment
used in our study (The Discovery thermogravimetric analyzer
produced by TA Instruments) cannot exceed 500 K/min, so
only the experiment under 500 K/min can be done. Second, in

Figure 7. Comparisons of experimental results and predictions of the Bio-CPD model and the general Toba-CPD model for tobacco no. 1 at 50 K/
min (a), and tobacco no. 11 at 100 K/min (b).

Table 7. R2 and RMSE of Bio-CPD and General Toba-CPD Models Prediction

no. heating rate model cellulose* hemicellulose* lignin* tobacco*
R2

1 50 Toba-CPD 0.998 0.976 0.981 0.987
Bio-CPD 0.521 0.896 0.814 0.934

1 10 Toba-CPD 0.968 0.979 0.987 0.991
Bio-CPD 0.529 0.862 0.847 0.946

11 100 Toba-CPD 0.995 0.958 0.980 0.983
Bio-CPD 0.479 0.905 0.762 0.940

RMSE
1 50 Toba-CPD 1.248 4.343 3.657 2.376

Bio-CPD 22.106 8.971 11.423 5.367
1 10 Toba-CPD 5.583 3.980 3.041 1.974

Bio-CPD 21.398 10.206 10.359 4.787
11 100 Toba-CPD 2.375 5.693 3.663 2.834

Bio-CPD 23.123 8.556 12.567 5.271
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the present work, the proper kinetic parameters for Toba-CPD
have been found, but the percentage of each component of
tobacco is still needed for calculating the sample’s pyrolysis
with the linear combination of each constituent components.
In the future work, we will try to find the relation between
chemical analysis and percentage of each component.

4. CONCLUSION
This work first studied the performance of Bio-CPD model in
predicting tobacco pyrolysis, and the result showed that the
Bio-CPD model would give large deviations in modeling
tobacco pyrolysis. So, we further extended the Bio-CPD model
for tobacco pyrolysis, that is the Toba-CPD model. In the
Toba-CPD model, the general kinetic framework of the Bio-
Chemical Percolation Devolatilization (Bio-CPD) model was
retained, but the kinetic parameters of the reaction routines
were modified by using a grid-search optimization strategy
with experimental data (various tobacco types and heating
conditions) as benchmarks. First, the pyrolysis process of 11
kinds of tobacco under a wide range of heating rates (10−500
K/min) was measured through TGA. The collected TGA data
were then divided into the seen and unseen data sets for the
model development and validation. Second, the performance
of the Bio-CPD model on tobacco pyrolysis was assessed
through the a priori study on the established database. The
results showed that the traditional Bio-CPD model would give
large deviations in predicting the tobacco pyrolysis (both final
volatiles yield and pyrolysis process). Finally, the Toba-CPD
models for a specific tobacco and for all tobacco were
developed. The performance of models were further evaluated
on the unseen tobacco and heating conditions. It was
demonstrated that the developed Toba-CPD model could
well reproduce the tobacco pyrolysis process for various
tobacco types under a wide range of heating rates (R2 > 0.992).
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