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Abstract—We evaluated the correlation between the biomass constituents and their kinetic values. To simplify the
models and indicate the effect of each constituent, pure biomass components and their mixtures were used as biomass
model. The experiments were set up based on simplex-lattice design. The pyrolysis of synthesized biomass was per-
formed by non-isothermal thermogravimetric analyzer. Several kinetic models in the literature, including Kissinger-
Akahira-Sunose, Ozawa-Flynn-Wall and analytical method were used to determine kinetic values for each experiment.
The generated regression models and predicted kinetic values from those methods were compared. The results obtained
from analytical model (for n#1) showed a good agreement (R*>0.95) with those obtained from experiments. This
study also provide contour plots for all cases in order to observe the behavior of biomass pyrolysis at different compo-
nent ratio.
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INTRODUCTION

Biomass is an interesting resource that can potentially replace
fossil fuel since it can be used in short cycle. It has the potential to
contribute to the future energy and it is suitable for agricultural
countries. Thermal decomposition such as pyrolysis, combustion
and gasification is a conversion process for transformation of bio-
mass into biofuel [1]. Pyrolysis is the well-known process for bio-
mass conversion to energy under an absence of oxygen. It is the
initial step of all thermochemical conversion processes [2,3]. In addi-
tion, pyrolysis is the simplest and easiest to set up compared to gasifi-
cation [4,5].

The kinetics of biomass decomposition is the key to understand-
ing the mechanism and designing a suitable conversion process.
Non-isothermal thermogravimetric analysis (TGA) is one of the
best methods for the study of the kinetics of pyrolysis. Several kinetic
methods were used to calculate kinetic parameters including the
activation energy, frequency factor and reaction order from TGA
data with various factor effects [3,6-12]. Among several kinetic mod-
els, the iso-conversional methods such as The Kissinger - Akahira -
Sunose (KAS) method and Ozawa-Flynn-Wall (OFW) method are
the most commonly accepted for computational calculation based
on TGA and successfully used to simulate the pyrolysis behavior
of biomass [3,13-15]. These kinetic models were developed from
single-step pyrolysis. They calculate the kinetic parameters with a
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progress of conversion and temperature without considering the
reaction mechanism [16]. The previous literature study reported
that KAS and OFW methods are reliable enough for calculating
activation energy of cardoon pyrolysis from TGA data [3]. Besides
these two kinetic models, the analytical model, which is derived
from single-step decomposition kinetics, was also selected [7,10,11].
The analytical model derived by an assumption of #"-order kinet-
ics is reported to be acquirable, representative, and reliable for bio-
mass pyrolysis [7]. The calculated kinetic values obtained from all
models revealed that pyrolysis of biomass were complex and multi-
step kinetics.

To simplify the calculation of kinetic parameters, the prediction
of kinetic parameters from biomass composition has been explored
[17-21]. The correlations between main biomass components and
each kinetic parameter were proposed instead of a calculation from
TGA data. The previous study described the thermal degradation
of pistachio shells by a detailed reaction mechanism [20]. The re-
sults indicated that the expected mass loss during pistachio shell
pyrolysis derived from reaction mechanisms and discrete particle
method agreed well with experimental data. However, the major
advantage of the developed model is that it could employ the pyroly-
sis mechanism, but the model is very complex. Moreover, some
studies detected the differences between predicted values and experi-
mental data which were probably due to the interactions between
compounds and extractives [19,21]. Therefore, the development of
simply and accurate models which can potentially predict the ther-
mal behavior and kinetic values is still attractive.

Besides the development of models from reaction mechanisms,
many studies attempted to use the mathematical and statistical meth-
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ods for finding the correlation between biomass main components
and kinetic parameters. Response surface methodology (RSM), based
on simplex-lattice design, was chosen and demonstrated as a suit-
able method for examining the effect of correlated three input com-
ponents on the output data [22,23]. It is suitable for investigating
the biomass system since biomass’ three main components and sum-
mation of three proportions might be assumed to one. The previ-
ous study used simplex-lattice design (SLD) to determine the interac-
tion between the biomass components during synthesized biomass
pyrolysis [23]. The effect of each component and its interactions
on mass loss rate could be observed. However, this study did not
provide the other kinetic values.

However, there is a lack of applying this kind of model to this
research field. Therefore, the aim of this study was to develop a sim-
plified model for predicting kinetic values for biomass pyrolysis
from its main components. The correlations between mass fractions
of cellulose, hemicellulose and lignin were the input data, while
output data were activation energy, pre-exponential factor and reac-
tion order. The RSM based on SLD was chosen as a tool for this
purpose. For each point of experimental design, the synthesized
biomass was prepared at the desired ratio. The kinetic values were
evaluated from TGA data using the isoconversional methods, in-
cluding KAS and OFW methods, and also analytical method (in
cases of first-order kinetics and #"-order kinetics). The calculated
kinetic parameters obtained from three kinetic models (six cases)
were compared. The statistical analyses were also provided for all
six cases. The effect of pure biomass components and their inter-
actions were identified for each case and discussed. The regression
models and contour plots for predicted kinetic parameters were
also provided in this study to observe the interactions of biomass
components.

MATERIALS AND METHODS

1. Materials

Pure a-cellulose, xylan (a model of hemicellulose), and organo-
solv lignin were purchased from Sigma Aldrich. The real biomass,
Leucaena Leucocephala, was used to check the accuracy of
the model. The lignin content was analyzed by Tappi T2220m-98
[24]. The holocellulose content (cellulose and hemicellulose) was
analyzed by the Browning method of wood chemistry [25], whilst
the a-cellulose content was analyzed by Tappi T2030m-88 [26]. The
Leucaena Leucocephala was ground by biomass grinder and filtered
into particle sizes of 150-250 micron. The synthesized biomass and
real biomass were dried at 110 °C for 24 h before use.
2. Experimental Design

The simplex-lattice design (SLD) was used to determine the num-
ber of experiments and evaluate the effect of mass fraction of cel-
lulose (X,), mass fraction of hemicellulose (X,) and mass fraction
of lignin (X;) on kinetic parameters including activation energy
(E,), frequency factor (A) and reaction order (n). The samples were
prepared by physical mixing of the three pure components at dif-
ferent ratios. Based on SLD, summation of mass fractions (X;+X,+
X;) is unity. The sample codes for total 13 combinations and the
mass fraction of each experimental design point are presented in
Table 1. The 13 experimental points were three single-component
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Table 1. Sample code and mass fractions of cellulose, hemicellulose

and lignin
Mass fraction
Sample code
Cellulose Hemicellulose Lignin
1 1.00 0.00 0.00
2 0.00 1.00 0.00
3 0.00 0.00 1.00
4 0.00 0.33 0.67
5 0.00 0.67 0.33
6 0.17 0.17 0.67
7 0.17 0.67 0.17
8 0.33 0.00 0.67
9 0.33 0.33 0.33
10 0.33 0.67 0.00
11 0.67 0.00 0.33
12 0.67 0.17 0.17
13 0.67 0.33 0.00

treatments (Nos. 1, 2 and 3), six two-component mixtures (Nos. 4,
5,8, 10, 11 and 13) and four three-component mixtures (Nos. 6, 7,
9 and 12). For each mixture, the experiments were performed at
four linear heating rates (5, 10, 20 and 40 °C min ') with replicates.
3. Thermogravimetric Analysis (TGA)

At each experimental run based on SLD, the weight loss and dif-
ferential weight loss of synthesized and real biomass pyrolysis were
observed by thermogravimetric/differential thermal analyzer (Met-
tler Toledo TG Analyzer) under nitrogen atmosphere. The flow
rate of nitrogen gas was 50 mL min™'. Approximately 3.0 mg of sam-
ple was placed into an aluminum pan. The sample was heated from
30 to 1,000 °C at four linear heating rates.

4. Kinetic Models

The values of kinetic parameters were calculated by data interpre-
tation of thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) curves, since they present the overall weight loss
rate of biomass pyrolysis. The biomass pyrolysis can be described
by three kinetic models, including Kissinger- Akahira-Sunose (KAS),
Ozawa-Flynn-Wall (OFW) and analytical model. These methods
are based on the assumptions that the reaction rate at constant
extent of conversion is only a function of temperature [27], and
they take into consideration the one-step process decomposition
[3]. This study’s apparent kinetic ignores the effect of particle size
(heat and mass transfers) since the real pyrolysis process might be
operated by using different particle sizes of biomass.

The general reaction rate is expressed as

da
q =k(Df(a) ¢y

where ¢ is the conversion of convertible part of biomass and cal-
culated from a=(W,-W)/(W,—W,,,); W, is the original weight,
W is the weight at any time t and W, is the ash content in the sam-
ple. The function k(T) is the rate constant given by Arrhenius equa-
tion, while the function f() depends on the decomposition mech-
anism.

By combining the constant heating rate (f=dT/dt) and Arrhe-
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nius equation, Eq. (1) can be shown as Eq. (2).

% = %exp(— %) dT ()
Gives:
g(e)= Jo (@ '[0 5 (_ RE_%)dT:;iap(%) 3)

where E, is the activation energy (kJ/kmol), R is a gas constant
(8.314 kJ/kmol-K) and T is the reaction temperature (K). The term
p(E./RT) is the temperature integral. The difference of iso-conven-
tional methods is due to the approximation for solving the equation.
4-1. Kissinger- Akahira-Sunose Model (KAS) [27-29]

The approximation is proposed to be:

R (lfT) @

Substitutes Eq. (4) into Eq. (3) and takes logarithm. Then, Eq.
(3) becomes:

ln(T%) =In (sz;)) N RE_% ©

E, and A can be calculated by plotting curve of In(4/T°) versus
I/T. In this study; the g(c) is equal to —In(1-¢) for first-order kinet-
icsand (n—1)"'(1— &)™ for any order n.

4-2. Ozawa-Flynn-Wall (OFW) [27,30,31]

The approximation of this model is based on Doyles approxi-

mation [32]. Therefore, Eq. (3) becomes:

logﬁzlog( RE( )) 2.315- 0457(I]{ET) (6)

E, and A can be calculated by plotting curve of log(/) versus 1/
T. The function g() is the same as indicating in Section 2.4.1.
4-3. Analytical Model

This model is derived based on single step decomposition pro-
cess. Therefore, the function f(e) in Eq. (2) is equal to (1-)". Then,
Eq. (2) becomes:

daA

ar_ g~ (‘ 1113_9(1_ a)’ @)

After solving the equation, the equations for analytical method
are given below:

for first-order kinetics:
ART? 2R
amt-exp| 2R W) ) ®

for n-order kinetics:

1

R (|

To calculate the kinetic parameters including E, and A, the TGA
curves were fitted with analytical models (Eqgs. (8) and (9)) by means
of maximizing the regression coefficient (R?). In case of any order
n of all methods, n was calculated by Kissinger index of shape equa-
tion. The shape index is defined as the absolute value of the ratio

of the slope of tangents to the curve at inflection points of differ-
ential thermal analysis (DTA) curves [28,33].

The pyrolysis of real example biomass, Leucaena Leucocephala,
was also performed. The kinetic parameters were calculated from
the proposed models. Then, the conversion curves obtained from
kinetic values of different methods were compared to that obtained
from experiment.

5. Statistical Analysis and Modeling

An analysis of variance (ANOVA) and response surface meth-
odology (RSM) were used to evaluate the effect of each biomass
constituent, determine the most significant factor on the desired
response and also generate the statistical models for predicting the
kinetic parameters. The model is expressed in terms of cubic equa-
tion (Eq. (10)) [22,34].

Y=a,X,+2,X,+a,X;5+a,,X; X,+a;;X; Xs+a,X; X5 (10)
2, XX, (Xi—=Xp)+2, 53X X5 (Xi—Xs5)+2, 5X,X5 (X,—Xs)

where Y is an estimated response (E,, A or n). The a,, a,, a;, a,,,
a3, 3, 4;y, 453 and a,_; are constant coefficients for linear and non-
linear (interaction) terms. The direction and magnitude of coeffi-
cients can illustrate the effect of each term on the desired response.
The models were also used to generate the ternary contour plots
in order to observe the influence of biomass compositions on E,
A and n. The models and ternary contour plots for estimated kinetic
values obtained from different kinetic models were produced and
compared to each other.

RESULTS AND DISCUSSION

1. Evaluation of Kinetic Values from Different Kinetic Models

Table 2 presents the E, and A calculated from different kinetic
models based on first-order kinetics. The results were averaged
from eight replicates (four heating rates with two replicates per each).
Both values calculated from KAS and OFW have the same trend
and comparable values, because both methods are developed from
the same assumption with different approximations of p(E,/RT).
The results obtained from both methods indicated that pure lignin
gave the highest E, (~200k]J/mol), while pure hemicellulose and
hemicellulose: lignin mixture at 0.33:0.67 wt: wt gave the lowest
E, (~120-130 kJ/mol). However, in case of mixtures, a different trend
was observed. Mixtures with high cellulose and hemicellulose pro-
portion gave higher E, compared to those with high lignin pro-
portion. Moreover, the values of E, and A in cases of mixtures cannot
be calculated from the arithmetic method (e.g,, summation of mass
fractions multiplied by E, and A of pure components). It might be
due to the interaction between each component.

Considering the case of analytical method, some differences oc-
curred. The calculated E, and A values were much lower than those
obtained from KAS and OFW methods in many cases. The large
differences were probably because the analytical method attempts
to fit the model with experimental data without considering the
pyrolysis behavior, while the isoconversional method approximates
the reaction order from DTA data and calculates other kinetic val-
ues from larger information (simultaneously calculated from differ-
ent heating rates and progress of conversion). Anyway; the accuracy
of models was tested and is discussed further down.

Korean J. Chem. Eng.(Vol. 32, No. 6)
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Table 2. Predicted kinetic values obtained from different decomposition models

Sample KAS OFW Analytical method
code E, (kJ/mol) A (min™") E, (kJ/mol) A (min™") E, (kJ/mol) A (min™")
1 145.0 1.0E+12 147.6 2.0E+12 143.2 3.7E+12
2 123.0 9.7E+10 126.0 2.2E+11 90.0 1.8E+06
3 199.8 2.3E+16 199.9 24E+16 1034 44E+05
4 120.8 4.0E+10 124.0 8.2E+10 103.9 2.8E+06
5 164.5 2.7E+14 165.5 7.1E+10 69.3 6.7E+05
6 142.0 2.6E+11 145.0 53E+11 104.8 1.7E+06
7 165.8 8.8E+14 166.6 1.2E+15 95.5 1.8E+06
8 179.9 1.0E+15 181.0 1.2E+15 108.2 1.6E+07
9 141.2 1.8E+11 144.3 3.7E+11 103.9 2.1E+06
10 164.4 6.2E+14 165.3 8.0E+14 104.5 1.8E+07
11 142.0 2.6E+11 134.9 49E+11 93.9 2.5E+07
12 169.7 3.5E+15 171.5 3.9E+15 86.1 6.0E+04
13 183.6 6.3E+13 184.7 2.5E+15 90.7 6.4E+05
Biomass 178.6 1.0E+15 179.5 1.3E+15 100.4 1.7E+06

The highest E, and A values, in this case, were obtained from a
case of pure cellulose while the lowest E, was obtained from a case
of hemicellulose: lignin mixture at 0.67:0.33 wt: wt (Sample no.
5). In addition, the mixtures with high cellulose proportion gave
lower E,, while the mixtures with higher lignin proportion gave
higher E,, excepting sample 5. This phenomenon was also reported
in the literature [21]. The previous study demonstrated that higher
E, is required to decompose woody biomass, which has higher lig-
nin content. It is because the complex aromatic structure of lignin.
The interactions were also observed in this case. The differences of
results obtained from the former methods and those obtained from
analytical method were probably due to different assumptions of
reaction mechanism in forms of function f{¢x) as mentioned in Sec-
tion 2.4.

Table 3 provides the values of E,, A and n calculated from dif-
ferent kinetic models based on #"-order kinetics. The results were

also averaged from eight replicates. It should be noted that the E,
calculated from cases of first-order (Table 2) and n™-order kinetics
(Table 3) for both KAS and OFW had the same values, because they
were calculated from the slope of linear plots which do not involve
the calculation of n. The A and n were calculated from the inter-
cept of linear plots. However, even though the calculated A obtained
from cases of first-order and #"™-order kinetics were different, the
trend was still the same.

Considering the calculated n, Table 3 shows that the apparent
reaction orders of biomass pyrolysis are larger than one, especially
in the case of using the analytical method. KAS and OFW gave
the same n values since they were calculated from the same DTA
curve. It can be seen that reaction order obtained from pure com-
ponents was lower than those obtained from mixtures. When the
different compound was added to other compounds, the several
decomposition reactions were parallel occurring due to the decom-

Table 3. Predicted kinetic values obtained from different decomposition models for n=1

Sample KAS OFW Analytical method
code E, (kJ/mol) A (min™") n(-) E, (kJ/mol) A (min™") n(-) E, (kJ/mol) A (min™") n(-)
1 145.0 1.50E+12 14 147.6 2.80E+12 14 178.1 9.38E+13 1.6
2 123.0 1.60E+11 1.5 126.0 5.00E+12 1.5 83.6 7.60E+07 1.1
3 199.8 2.50E+16 1.2 199.9 2.20E+12 1.2 68.3 1.82E+05 1.1
4 120.8 5.00E+10 1.3 124.0 1.20E+11 13 74.3 4.00E+04 6.2
5 164.5 4.80E+14 1.6 165.5 7.80E+14 1.6 72 1.10E+05 6.5
6 142.0 5.20E+11 1.8 145.0 1.10E+12 1.8 74.5 3.60E+04 59
7 165.8 1.40E+15 1.5 166.6 3.50E+12 1.5 82.1 3.80E+07 64
8 179.9 1.70E+15 1.6 181.0 2.10E+15 1.6 117.6 6.40E+08 7.1
9 141.2 3.10E+11 1.6 144.3 490E+12 1.6 89 2.10E+06 6.5
10 164.4 1.20E+15 1.6 165.3 1.50E+15 1.6 84.7 6.80E+07 5.8
11 142.0 3.90E+11 1.5 134.9 8.60E+11 15 127.6 1.10E+09 59
12 169.7 5.20E+15 1.5 171.5 3.10E+12 15 1189 6.40E+08 5.6
13 183.6 4.40E+15 1.7 184.7 5.10E+15 1.7 81.3 9.80E+05 4.8
Biomass 178.6 3.10E+15 2 179.5 3.80E+15 2 125.1 9.70E+09 14
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position of the added compounds and also interactions between
all components. Multiple reactions including several parallel first-
order reactions can be expressed by an apparent #"-order reaction
[35]. The calculated n was thus increased in case of mixture.

In case of using analytical method, n values for pyrolysis of the
mixtures were much higher than those obtained from KAS and
OFW. Higher lignin content gave higher n values. Besides the n,
the trends of E, and A were different from those obtained from
other isoconversional methods. The highest E, was obtained in a case
of pure cellulose, higher than a case of pure lignin. Higher cellulose
content needed higher E, during pyrolysis based on these results.

Besides the pyrolysis of synthesized biomass, real biomass pyrol-
ysis, Leucaena Leucocephala, was performed. The kinetic values of
biomass pyrolysis are presented in Tables 2 and 3 as well. The n ob-
tained from this method was very large compared to that obtained
from other models, indicating very complex reactions occurred.
Fig. 1(a) and (b) show the conversion curves obtained from calcu-
lated kinetic values. Fig. 1(a) presents the conversion curves for case
of first-order kinetics, and Fig. 1(b) presents the curves for n™-order
kinetics. The regression coefficients (R’) for each case are shown
in Table 4. The conversion rate of Fig. 1(a) and 1(b) was calculated
by Eq. (1) with the initial and final temperatures of 100 °C and 700 °C,
respectively. This temperature range ignores the weight change due
to the evaporation of moisture and focuses mainly on the decom-
position or pyrolysis step of biomass. The pyrolysis of biomass com-
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Fig. 1. Relation between temperature and conversion (wt/wt) of bio-
mass pyrolysis obtained from different methods for first-order
kinetics (a) and any-order kinetics (b).

Table 4. Regression coefficients of the decomposition curves gener-
ated from KAS, OFW and analytical method for biomass

pyrolysis
Regression coefficients 9
Method
n=1 n#l
KAS 0.77 0.73
OFW 0.76 0.73
Analytical method 0.98 1.00

monly occurs in this temperature range [3,8,10,11,37]. Conversion
curves obtained from the analytical model showed the best fit to
experimental data, possibly because the analytical method was fit-
ted to experimental data directly to calculate the kinetic parameters,
resulting in the highest R”. However, differences were observed be-
tween experimental and predicted data at relatively low temperature
and high temperature. It was due to the assumption of the kinetic
model since the kinetic model was developed based on single-step
decomposition. In fact, the biomass pyrolysis involves multi-step
degradation. At low temperature, the conversion is due to the mois-
ture evaporation, while the conversion at high temperature is due
to lignin degradation. Therefore, the deviation of predicted values
from experimental values was sometimes observed at these steps.
However, the predicted conversion rate was highly accurate at the
session in which mostly decomposition occurred.

In case of isoconversional methods, they also simulate the bio-
mass pyrolysis as a one-step process and neglect the physical and
chemical nature of the pyrolysis process. The details in diffusion,
adsorption, desorption and other occurring phenomena as well as
the whole reaction scheme are not considered [3]. The errors in
the calculated values obtained from KAS and OFW were probably
due to the assumption of f(a) and g(c). The other reaction models
including nucleation or diffusional model might be applied instead.
2. Statistical Analysis and Modeling
2-1. Analysis of Variance for First-order Kinetics

To evaluate the effect of cellulose, hemicellulose and lignin on
the kinetic parameters and understand the interaction between them,
the simplex-lattice design was used. Based on this experimental
design, the synthesized biomass was prepared as described in Sec-
tion 2.2. Then ANOVA was applied to analyze the effect of response
as described in Section 2.5. The p-value indicates the probability of
kinetic parameters affected from each term of model. The terms
which have p-value less than 0.05 have an important effect on the
kinetic parameters during biomass pyrolysis. All analysis results
are shown in Appendix A (Table A.1). For the case of using the
KAS model, the results demonstrated that the interaction terms
including quadratic term between cellulose and hemicellulose (X,X,)
and cubic term between hemicellulose and lignin (X,X5(X,—X;))
had a statistically significant effect on E,. By the same way; the results
indicated that the linear terms, interaction terms including X, X,
X X5 X X5(X,—X5) and X,X5(X,—Xs), had a statistically significant
effect on A. In case of using OFW, the important factors which have
significant effect on both parameters were almost the same as the
case of using KAS, excepting the X, X,X; term. As mentioned above,
both KAS and OFW were developed by the same way excepting

Korean J. Chem. Eng.(Vol. 32, No. 6)
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an approximation of g(a). Therefore, the calculated kinetic values
and also ANOVA for both cases were comparable.

For the analytical method, the analysis results were different. The
statistical analysis results presented that the linear terms and inter-
action including X, X; and X, X,(X,—X;) had a significant effect on
E, while all terms excluding X,X; and X,X5(X,—X;) had significant
effect on A. The effect of each component was unclear in case of
E,. However, in case of A, it seems that the cellulose proportion
was the dominant factor since all terms containing X, had a signif-
icant effect on A. This result differs from other models. Considering
the trend of conversion curves in Fig. 1 and R’ values in Table 4,
the calculated kinetic parameters obtained from analytical method
provided higher R’. Therefore, the analysis results obtained from
this model must be concerned. The cellulose pyrolysis has higher
decomposition rate due to its simple ordered repeating unit, cello-
biose. The TGA data (not shown here) indicated that cellulose de-
composes rapidly in a narrow temperature range, resulting in high
reaction rate, while lignin decomposes at wider temperature range.
This observation was consistent with other previous studies [36,37].
The cellulose pyrolysis thus influenced the decomposition rate for all
synthesized biomass which contain cellulose in their composition.
2-2. Analysis of Variance for n™-order Kinetics

The statistical analysis results are shown in Appendix A (Table
A2). In this section, only the analysis results for case of using ana-
lytical method (Table A.2(g)-(i)) are discussed. The results indicated
that linear terms and interaction between cellulose and hemicellu-
lose (X,X;) had a significant effect on E,. No interaction effect was
observed. In case of A, the effluent factors were the same as the
case of first-order kinetics, which confirmed that cellulose acts as
the dominant factor on decomposition rate of biomass pyrolysis.
For n, the two quadratic terms and interactions between all pure
components (X, X,X;) were indicated as the important factors. The
interactions between all pure components were obviously seen since
the n values of pure components were below two (Table 3) and dra-
matically increased by mixing together. The several components
contain in hemicellulose and lignin provided parallel #™-order reac-
tion, leading to higher n.

The ANOVA analysis for KAS and OFW methods is also pro-
vided in Table A.2. As expected, the results for E, and n obtained
from both methods are similar. However, the case of A was differ-
ent. It is difficult to determine what makes the large difference on
statistical analysis between these methods. Table 3 shows that the
calculated values of A were almost equal and comparable. In addi-
tion, the only one thing which is different from each other is the
approximation of g(c) term.

2-3. Modeling and Ternary Contour Plot

To predict and observe the variation of E,, A and n at different
biomass compositions, the regression models and contour plots
were also generated. The regression models for predicting kinetic
parameters based on analytical method are shown in Appendix B
(Egs. (B.1)-(B.5)). Considering the coefficient of each term, it pro-
vided an insight into ranking the importance of each term corre-
spondence with the ANOVA analysis. The positive coefficient in-
dicated that an increase in term magnitude increased the kinetic
values, while the negative coefficient indicated the opposite effect.
The R’ values of all models were above 0.95, which revealed very
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Cellulose

(a)

Hemicellulose

Cellulose

(b)

— 1E+010 e

T— [IEto11]  —

 [1E+011

Hemuicellulose Lignin

Fig. 2. Ternary contour plots of predicted activation energy (a) and
pre-exponential factor (b) obtained from analytical method
for first-order kinetics.

good agreement of predicted values from regression models and
experiments.

The response of each kinetic parameter was graphically repre-
sented as ternary contour plot (Figs. 2 and 3). Based on SLD, all
13 points of experiments are located inside the triangle. It means
that the sum of proportions of cellulose, hemicellulose and lignin
was always unity. Fig. 2 shows the contour plots of E, and A for
first-order kinetics and Fig. 3 shows the plots for #™-order kinet-
ics, with respect to the regression models. The interactions between
biomass components were obviously seen. The variation in bio-
mass composition was the important key to predict the kinetic of
its pyrolysis and observe the thermal behavior as well.

Regression models and ternary contour plots for predicting kinetic
parameters based on KAS and OFW methods were also provided
in Appendices B and C, respectively. All regression models, exclud-
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Cellulose

Hemicellulose Lignin

Cellulose

(b)

/ wm __ﬂl

Hemicellulose Lignin

Cellulose

Hemicellulose Lignin

Fig. 3. Ternary contour plots of predicted activation energy (a), pre-
exponential factor (b) and reaction order (c) obtained from
analytical method for n"-order kinetics.

ing the case of n, had high R”. The relatively low R* of regression
model for n revealed that the model could not be used to predict
the accurate values for those kinetic models. On the other hand,
the model generated from SLD might not do enough to predict
the values of n obtained from Kissinger index of shape equation.

CONCLUSIONS

The variation of biomass composition plays an important role
in its thermal behavior. The calculated kinetic values from three
kinetic models showed the different results and trend. Compared
to the conversion curve of real biomass, the conversion curve gen-
erated from analytical method showed the best fit compared to that
obtained from other kinetic models. Based on SLD and analytical
model, cellulose proportion was the most important factor influ-
encing the A and n. The proposed regression models showed very
high R” values, almost equal to unity. The generated contour plots
could be used to observe the variation of kinetic parameters at dif-
ferent biomass composition.
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APPENDIX A
ANOVA analysis of kinetic parameters from KAS, OFW and

analytical method (first-order kinetics)

Table A.1. The analysis of variance (ANOVA) for first-order kinetic
values of biomass pyrolysis

(a) Activation energy obtained from KAS method

f M

Source Sum 0 DF “an g value P-value>F
squares square

Model 6,494.30 9 721.59 9.22 0.05

Linear mixture 618.21 2 309.10 3.95 0.14

XX, 1,716.32 1 1,716.32 2193 0.02°

Table A.1. Continued

(a) Activation energy obtained from KAS method

Source Sum of Mean Fvalue P-value>F
squares square
XX 116.37 1 116.37 1.49 0.31
X, X5 393.69 1 393.69 5.03 0.11
XXX, 14775 1 14775 189 0.26
X, X,(X,~X,) 19897 1 19897  2.54 021
X, Xs(X,—X5) 10062 1 10062 129 0.34
XX(%-X,) 309639 1 309639 39.56 0.01°
Residual 23482 3 78.27
Total 6,729.13 12
(b) Pre-exponential factor obtained from KAS method
Source Sum of Mean Fvalue P-value>F
squares |square
Model 4.61E+32 9 512E+31 4245 0.01°
Linear mixture 1.65E+32 2 826E+31 6846  >0.00"
XX, 1.98E+29 1 1.98E+29 0.16 0.71
XX 1.16E+32 1 1.16E+32 9634 >0.00"
X, X5 1.33E+32 1 1.33E+32 110.28 >0.00"
XXX, LO9E+31 1 1.09E+31 906 006
X, X,(X,—X,)  3.89E+29 1 3.89E+29 0.32 0.61
X, X,(X,;—X;)  3.70E+31 1 3.70E+31 30.68 0.01°
XX (X,—X;)  3.63E+31 1 3.63E+31  30.07 0.01°
Residual 3.62E+30 3 1.21E+30
Total 4.65E+32 12
(c) Activation energy obtained from OFW method
Source Sum of Mean F value P-value>F
squares square
Model 6,23046 9 692.27 6.68 0.07
Linear mixture 505.64 2 252.82 244 0.24
XX, 1,591.80 1 1,591.80 15.35 0.03"
X X5 225.60 1 225.60 2.18 0.24
X, X5 389.62 1 389.62 3.76 0.15
XX, X5 70.14 1 70.14 0.68 0.47
X, X,(X,~X,) 25116 1 25116 242 022
X, Xs(X,—X5) 23081 1 23081 223 023
XX(X,-X,) 286361 1 286361 2761 0.01°
Residual 311.13 3 103.71
Total 6,541.59 12
(d) Pre-exponential factor obtained from OFW method
Source Sum of Mean F value P-value>F
squares square
Model 5.13E+32 9 5.70E+31 11231 >0.00"
Linear mixture 1.65E+32 2 825E+31 162.65 >0.00"
XX, 3.16E+30 1 3.16E+30 6.23 0.09
X X5 1.31E+32 1 131E+32 25740 >0.00"
X, X5 1.50E+32 1 150E+32 295.12 >0.00"
X X, X5 8.55E+30 1 855E+30 16.86 0.03"
X, X(X,—X,)  3.60E+30 1 3.60E+30 7.09 0.08
X X:(X,—X;) 361E+31 1 361E+31 7117  >0.00°
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(d) Pre-exponential factor obtained from OFW method

Source Sum of Mean F value P-value>F
squares square

XX,(X,—X;) 4.14E+31 1 4.14E+31 8169  >0.00°

Residual 1.52E+30 3 5.07E+29

Total 5.14E+32 12

(e) Activation energy obtained from analytical method

Source Sum of DF Mean F value P-value>F
squares square

Model 3,255.28 9 361.70 7.69 0.06

Linear mixture 995.56 2 49778 1058 0.04"

XX, 336.96 1 33696 7.16 0.08

XX 559.88 1 55988 11.90 0.04"

XX, 107.86 1 107.86 2.29 0.23

XX, X5 146.81 1 14681 3.12 0.18

X, X,(X,—X,) 76625 1 76625 1628 0.03

X, X,(X,—Xs) 36469 1 36469 775 0.07

X,X(X,— Xs) 33246 1 33246 7.6 0.08

Residual 141.19 3 47.06

Total 3,396.47 12

(f) Pre-exponential factor obtained from analytical method

Source Sum of DF Mean F value P-value>F
squares square
Model 1.24E+25 9 1.38E+24 73.02 >0.00"
Linear mixture 4.68E+24 2 2.34E+24 124.38 >0.00"
XX, 341E+24 1 341E+24 181.25 >0.00"
XX 341E+24 1 341E+24 181.25 >0.00"
X, X, 5.22E+20 1 5.22E+20 0.03 0.88
XXX, 220E+23 1 220E+23 1167  0.04°
X, XX —X,) 7.98E+23 1 798E+23  42.39 0.01°
X X,(X,~X,) 798E+23 1 7.98E+23 4239  0.01°
XX,(X,—X;)  000E+00 1 0.00E+00 000  1.00
Residual 5.65E+22 3 1.88E+22
Total 1.24E+25 12

“Significant F-values at the 95% confidence level (p-value<0.05)
DF=Degrees of freedom

ANOVA analysis of kinetic parameters from KAS, OFW and
analytical method (1"-order kinetics)

Table A.2. The analysis of variance (ANOVA) for n™-order kinetic
values of biomass pyrolysis

(a) Activation energy obtained from KAS method

Sum of Mean

Source DF Fvalue P-value>F
squares square

Model 6,494.30 9 721.59 9.22 0.05

Linear mixture 618.21 2 309.10 3.95 0.14

XX, 1,716.32 1 1,716.32 2193 0.02°

X X5 116.37 1 116.37 1.49 0.31

(a) Activation energy obtained from KAS method

Source Sum of DF Mean F value P-value>F
squares square
X, X5 393.69 1 393.69 5.03 0.11
XXX, 14775 1 14775 189 026
X, X,(X,~X,) 19897 1 19897 254 021
XXX —X5) 100.62 1 100.62 1.29 0.34
XX(X-X,) 309639 1 309639 39.56 0.01°
Residual 234.82 3 78.27
Total 6,729.13 12
(b) Pre-exponential factor obtained from KAS method
Source Sum of DF Mean F value P-value>F
squares square
Model 574E+32 9 6.38E+31 7691 >0.00"
Linear mixture 1.68E+32 2 842E+31 101.54 >0.00"
XX, 8.70E+30 1 8.70E+30 10.49 0.05
XX 1.41E+32 1 141E+32 17022 >0.00"
XX, 1.62E+32 1 162E+32 195.14 >0.00"
XXX, 650E+30 1 650E+30  7.84 007
X X(X,~X,) 1.00E+31 1 1.00E+31 1211  0.04°
X, X,(X,;—X;)  3.77E+31 1 3.77E+31 4551 0.01°
XX,(X,~Xy) 525E+31 1 525E+31 6331 >0.00°
Residual 249E+30 3 8.29E+29
Total 5.76E+32 12
(c) Reaction order obtained from KAS method
Source Sum of Mean Fvalue P-value>F
squares square
Model 0.27 9 0.03 1.23 0.48
Linear mixture 0.06 2 0.03 1.29 0.39
XX, 0.03 1 0.03 1.33 0.33
X X5 0.07 1 0.07 2.98 0.18
X, X5 0.01 1 0.01 0.34 0.60
XXX, 0.00 1 000 000 0.98
X,X,(X,~X,) 0.01 1 001 055 051
X, X:(X,—X5) 0.08 1 008 319 0.17
X,Xs(X,—X5) 0.00 1 000 001 0.94
Residual 0.07 3 002
Total 0.34 12
(d) Activation energy obtained from OFW method
Source Sum of DF Mean F value P-value>F
squares square
Model 6,230.46 9 692.27 6.68 0.07
Linear mixture 505.64 2 252.82 2.44 0.24
XX, 1,591.80 1 1,591.80 1535 0.03"
XX 225.60 1 225.60 2.18 0.24
X, X5 389.62 1 389.62 3.76 0.15
XX, X5 70.14 1 70.14 0.68 047
XXX~ X,) 25116 1 25116 242 022
X X(X—X5) 230.81 1 230.81 2.23 0.23
XX(X-X,) 286361 1 286361 2761 0.01°
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Table A.2. Continued

(d) Activation energy obtained from OFW method

(h) Pre-exponential factor obtained from analytical method

S f M S f M
Source um o N Elalue  PovaluesF Source um o N pyalue  PvaluesF
squares square squares square
Residual 311.13 3 103.71 Model 8.1E+27 9 9.0E+26 73.0 >0.00"
Total 6,541.59 12 Linear mixture 3.1E+27 2 15E+27 1244 >0.00"
(e) Pre-exponential factor obtained from OFW method XX, 22E+27 1 22E+27 1813 >0.00°
XX 2.2E+27 1 22E+27 1813 >0.00"
Sum of Mean
Source F value P-value>F XX, 3.4E+23 1 34E+23 0.0 0.88
squares square .
XXX, 14E+26 1 14E+26 117 0.04
Model ‘ 248E+31 9 276E+30 546 0.09 XX(X_X) 52E+26 1 52E+26 424 0.01°
Linear mixture 2.29E+30 2 1.14E+30 2.26 0.25a XXX~ X5) 59E426 1 52E426 04 0.01°
XX, 1.08E+31 1 1.08E+31 2145 0.02 XX (X,—Xs) 0.0E+00 1 0.0E+00 0.0 1.00
X X5 8.52E+29 1 8.52E+29 1.69 0.28 Residual 37425 3 12E+25
XX, 2.39E+29 1 2.39E+29 0.47 0.54 Total 81E+27 12
X, XX, 6.62E+30 1 662E+30 1312  0.04° o EERE———
XX(X-X) 509E+30 1 509E+30 1007  0.05 () Reaction order obtained from analytical metho
XX(X;~Xs)  404E+30 1 404E+30 801  0.07 Source Sum of Mean o1 pualuesF
XX,(X,—-Xy)  7.02E+29 1 7.02E+29 139 032 squares square
Residual 1.51E+30 3 5.05E+29 Model 56.22 9 6.25 34.53 0.01°
Total 2.63E+31 12 Linear mixture 042 2 0.21 1.16 0.42
(f) Reaction order obtained from OFW method XX, 16.67 1 1667 92.17 >0.00"
X X5 27.05 1 27.05 149.51 >0.00"
Sum of Mean .
Source Fvalue P-value>F XX, 2742 1 2742 151.56 >0.00
squares square .
XX, X5 2.72 1 2.72 15.02 0.03
Model 027 9 003 123 0.48 XX,(X-X.) 066 1 o066 367 015
Linear mixture 0.06 2 0.03 1.29 0.39 XXX, X5) 041 1 041 224 023
XX, 0031 003 133 0.33 XX, (X— Xo) 018 1 018 099 0.39
X X5 0.07 1 0.07 2.98 0.18 Residual 0.54 3 0.18
X, X5 0.01 1 0.01 0.34 0.60 Total 56.76 12
X X, X5 0.00 1 0.00 0.00 0.98 “Sionificant F-val  the 95% d level 10e<0.05
XXX, -X,) 0.01 1 00l 055 051 fo;) can 'Vf f“es da e 95% confidence level (p-value<0.05)
X,X,(X,—X,) 0.08 1 008 319 0.17 —egrees ot freedom
XXX~ X5) 0.00 1 000 001 0.94
Residual 0.07 3 0.02 APPENDIX B
Total 0.34 12

(g) Activation energy obtained from analytical method

Source Sum of Mean Fvalue P-value>F
squares square
Model 11,277.52 9 1253.06 8.05 0.07
Linear mixture 8,318.79 2 415939 26.71 0.01¢
XX, 2,109.19 1 210919 13,54 0.03%
X X5 0.36 1 0.36 0.00 0.96
X, X5 28.79 1 28.79 0.18 0.70
XX, X5 12.28 1 12.28 0.08 0.80
X, X,(X,—X,) 42130 1 42130 271 0.20
XXX, —X5) 58.00 1 58.00 0.37 0.58
XX (X,—X5) 031 1 031 0.0 0.97
Residual 467.23 3  155.74
Total 11,744.76 12

June, 2015

Regression models of predicted kinetic parameters from analyt-

ical method
For first-order kinetics
Activation 142.8X,+89.3 X,+103.3 X;—81.9 X, R*=096  (B.1)
energy: X,—105.6 X, X;5—46.3 X, X;+352.43

X, X, X4—236.5X,X,(X,-X,)— 1632

X, Xs(X,-Xs)— 155.8%,X(X,-X5)
Pre-exponential (3.7E+12)X,—(7.9E+09) X,— R’=>0.99 (B2)
factor: (7.9E+09) X,—(8.2E+12) X, X,—

(82E+12) X, X,— (1.0E+11) X,

X3+ (14E+13) X, X, Xy~ (7.6E+12)

X, X,(X,-X,)— (7.6E+12) X, Xs(X,-

X,)— (2.9E+07) X,X5(X,-Xs)
For n"-order kinetics
Activation 177.3X,+835 X,+68.9 X,— 2049 X, R?=096  (B.3)
energy: X,—2.7 X, X5—-23.9 X, X;+101.9X,

X, Xy—175.4X,X,(X,-X,)— 65.1

XiX5(X-X5)+4.7 X, X5(X5-X5)



Pre-exponential
factor:

Reaction order:

Evaluation of biomass component effect on kinetic values for biomass pyrolysis using simplex lattice design

(9.3E+13)X,— (2.0E+11) X,— R’=>099 (B4)
(2.0E+11) X,—(2.1E+14) X, X,—

(2.1E+14) X, X,— (2.6E+12) X,

X;+(3.5E+14) X, X, X;—

(2.0E+14)X,X,(X,-X,)— (2.0E+14)

X, X5(X,-X,) +(2.6E+08) X,X3(X,-X5)

L6X,+1.1 X,+1.4 X,+182 X, R*=0.99
X,+232 X, X;+23.4 X, X;—47.9 X,
X, X3 7.0 X, X, (X,-X,)— 5.4

XiX5(X-X5)+3.6 X, X5(X,-Xs)

(B.5)

Regression models of predicted kinetic parameters from KAS

For first-order kinetics

Activation
energy:

Pre-exponential
factor:

145.3X,+123.8 X,+200.7 X,+184.8 R*=0.97
X, X,—48.1 X, X,—88.5 X, X;— 3535

X, X, X5+120.5X,X,(X,-X,)— 85.7

X, X5(X,-X5)+475.5 X,X5(X,-Xs)

(B.6)

—(4.0E+13)X,+(6.8E+13) R’=099 (B7)
X,+(2.3E+16)X5+(2.0E+15)X, X,—

(4.8E+16) X, Xs— (5.1E+16) X,

X;+(9.6E+16) X, X, X;+(5.3E+15)

X, X,(X,-X,) +(5.2E+16) X, X:(X,-

X,)+(5.1E+16) X, Xx(X,-Xs)

For n™-order kinetics

Activation
energy:

Pre-exponential
factor:

Reaction order:

145.3X,+123.8 X,+200.7 X,+184.8 R*=0.97
X, X,—~48.1 X, X;—88.5 X, X;—353.5

X, X, X5+120.5X,X,(X,-X,)—85.7

X Xy(X1-X,) +475.5 X,X5(X,-Xs)

(B.8)

—(3.1E+12)X,+(5.9E+13) R’=>0.99 (B.9)
X,+(2.5E+16) X;+(1.3E+16) X, X,—

(5.3E+16) X, X, (5.7E+16) X,

X;+(7.4E+16) X, X, X;+(2.7E+16)

X X(X,-X,)+(5.2E+16) X, X (X, -

X,)+(6.2E+16) X,X,(X,-X5)

1.4X,+1.5 X,+1.1 X;+0.8 X, X,+1.2 R*=0.79
X, X;+04 X, X;+0.1 X, X, X;+1.0

XX (X -X,)—2.4 X, X(X;-X;)-0.1

X X3(X-Xs)

(B.10)

Regression models of predicted kinetic parameters from OFW

For first-order kinetics

Activation
energy:

Pre-exponential
factor:

147.8X,+126.8 X,+200.8 X;+178.0 R’=095 (B.11)
X, X,—67.0 X, X,—88.1 X, Xs—243.6

X, X, X5+135.4X,X,(X,-X,)— 129.8

X, X5(X,-X5) +457.3 X,X5(Xp-Xs)

—(L1E+13)X,+(4.2E+13) R*=>0.99 (B.12)
X,+(24E+16) X5+(7.9E+15) X, X,—

(5.1E+16) X, X;s— (5.5E+16) X,

X;+(8.5E+16) X, X,

X,+(1.6E+16)X,X,(X,-

X,)+(5.1E+16) X, X3(X;-

X;)+(5.5E+16) X,X,(X,-X;)

h L.
For n"-order kinetics

Activation
energy:

Pre-exponential
factor:

Reaction order:

1091

147.8X,+126.8 X,+200.8 X,+178.0 R®=095 (B.13)
X, X,—67.0 X, X,—88.1 X, X,—243.6

X, X, Xs+1354X,X,(X,-X,)— 129.8

X, X, (X,-X,) +457.3 XoX5(X,-Xs)

-(42E+12)X,—-(6.3E+13) X,— R*=094 (B.14)
(4.3E+13) X,;+(1.5E+16) X,

X,+(4.1E+15) X, X;+(2.2E+15) X,

X,-(7.5E+16) X, X,

X;+(1.9E+16)X,X,(X,-X,)-

(L.7E+16) X, X,(X,-X;)+(7.2E+15)

XXX Xs)

14X,+1.5 X+1.1 X;4+08 X, X,+12 R*=0.79 (B.15)
X, X404 X, X,+0.1 X, X,

X +1.0X,X,(X,-X,) - 2.4 X, X (X, -

X;3)=0.1 X,X5(X,-Xs)

APPENDIX C

Contour plots of predicted kinetic parameters from KAS and

OFW

Cellulose (@

Hemuicellulose

Cellulose )

Hemuicellulose

Fig. C.1. Ternary contour plots of predicted activation energy (for
first-order kinetics) obtained from KAS (a) and OFW (b).
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Cellulose @ Cellulose (@)

[1E+014)/
1E+015
2EF011E+016

Hemicellulose Lignin Hemicellulose Lignin

Cellulose ) Cellulose )

[/SE+013]
2E+015[IEH0]

Hemicellulose Lignin Hemicellulose Lignin

Fig. C.2. Ternary contour plots of predicted frequency factor (for Fig. C.3. Ternary contour plots of predicted activation energy (for
first-order Kinetics) obtained from KAS (a) and OFW (b). any-order kinetics) obtained from KAS (a) and OFW (b).
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Cellulose @

3E+015

Hemucellulose
Cellulose o

4E+015
3E+015

Hemicellulose

Lignin
Fig. C.4. Ternary contour plots of predicted frequency factor (for
any-order kinetics) obtained from KAS (a) and OFW (b).

Cellulose (@

Hemicellulose

Cellulose (b)

Hemicellulose

Lignin

Fig. C.5. Ternary contour plots of predicted reaction order (for any-
order kinetics) obtained from KAS (a) and OFW (b).
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