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Abstract

Bamboo, a perennial and monocarpic plant, holds immense potential beyond its commonly recognized applications. In this 

study, fiber was extracted from bamboo leaves. Pyrolytic kinetic studies were done on leaves and the extracted fibers, utilizing 

thermogravimetry and derivative thermogravimetry (TG/DTG) data obtained at heating rates 10, 20, and 30 K/min within the 

temperature range of 298–1093  K. Model-free methods such as Ozawa-Flynn-Wall (OFW), Kissinger-Akahira-Sunose (KAS), 

and Friedman were employed to calculate the activation energy (Ea) and the pre-exponential factor (A). For leaves, the calculated 

Ea values were found to be 283 kJ/mol (KAS), 279 kJ/mol (OFW), and 318 kJ/mol (Friedman), while the A values were determined 

as 7.2  ×  1043  s−1  (KAS), 1.07  ×  1043  s−1  (OFW), and 5.7  ×  1045  s−1  (Friedman). In  the case of fiber, the Ea values were found to be 

162 kJ/mol (KAS), 164 kJ/mol (OFW), and 165 kJ/mol (Friedman), with corresponding A of 4.6 × 1015 s−1 (KAS), 5.6 × 1013 s−1 (OFW), 

and  348  ×  1013  s−1  (Friedman). Additionally, scanning electron microscope  (SEM), energy dispersive X-ray spectroscopy (EDX), 

and Fourier transform infrared spectroscopy (FTIR) analyses were conducted on both leaves and fiber.
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1 Introduction
Biomass, derived from a variety of flora and fauna, serves 
as a carbon-rich material with numerous applications. Like 
fossil fuels, biomass has found its way into power genera-
tion, biofuel production, and more. Over the past decade, 
there has been a significant increase in the production of 
biochar from biomass. Biomass represents a diverse cat-
alog of materials, including leaves, roots, and manure, 
which find utility in various fields, such as medicine, con-
struction, and furniture. However, waste is inevitable in 
every sector, and the remnants of plants often end up in 
landfills. Incineration is a technique where materials are 
burned in the presence of oxygen, while pyrolysis occurs 
in the absence of oxygen [1]. Pyrolysis, in comparison to 
incineration, offers several advantages as it produces bio-
char instead of ash. Kinetic studies play a crucial role in 
understanding the reaction mechanisms of pyrolysis and 
gaining insights into forest fires [2].

Pyrolytic kinetic studies involve analyzing the reac-
tions occurring during pyrolysis from two distinct per-
spectives: the scientific aspect and the technical aspect [3]. 
The scientific approach focuses on developing models to 
understand and interpret the individual steps of the pyrol-
ysis process. Hypotheses are formulated and compared 
with experimental results, leading to further experiments 
that support or refine the initial hypotheses. On the other 
hand, the technical approach utilizes kinetic analysis as 
a tool for data reduction and prediction. The objective is 
to extract essential information from complex datasets 
and create simplified models with a few parameters for 
practical applications. Both approaches require the estab-
lishment of kinetic models and the specification of their 
parameters to achieve comprehensive solutions applica-
ble to a wide range of test conditions. Although the scien-
tific and technical perspectives have different goals, they 
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share common steps that contribute to the overall under-
standing and optimization of pyrolysis processes and the 
results obtained from the kinetic studies would be helpful 
to design an efficient pyrolysis reactor [4, 5].

One area of interest within biomass research is bamboo, 
specifically the Bambusa vulgaris species. Bamboo belongs 
to the genus of large perennial, monocarpic grass and has 
found widespread use in numerous daily life applications. 
When people think of bamboo, the stem is often the first 
and most recognizable part that comes to mind. However, 
leaves are often categorized as waste and overlooked in 
many applications. While certain species of bamboo have 
some applications in medicine [6], there is a significant 
research gap in fully utilizing the potential of bamboo 
leaves. Modern researchers are exploring the use of bam-
boo leaf ash as filler materials in concrete and mortar [7]. 
Additionally, leaf biomass is being utilized for the adsorp-
tion of heavy metals and textile dyes [8, 9]. Interestingly, 
research suggests that a hectare of bamboo plantation sheds 
around 8 to 11 tons of leaves per year, which can be col-
lected easily. These leaves have been utilized as a source 
for fiber extraction as fibers are also playing major role as 
filler materials in cement [10, 11] and in making polymer 
composites [12] etc. The obtained B. vulgaris fibers (BVF), 
along with B. vulgaris leaves (BV), were subjected to ther-
mogravimetric analysis (TGA) for pyrolytic kinetic stud-
ies. The activation energy (Ea ) and pre-exponential fac-
tors (A) with respect to conversion factors were calculated 
using the Kissinger-Akahira-Sunose (KAS), Ozawa-Flynn-
Wall (OFW), and Friedman models.

2 Materials and methods
2.1 Materials and chemicals
Bamboo leaves were procured from local market and com-
mercial grade chemicals were used for experimentation.

2.2 Method
2.2.1 Fiber extraction
The fiber extraction starts with the regular cleaning of the 
leaves to remove the dust and the unwanted matter from 
them. Then the leaves were soaked in 10% aqueous NaOH for 
overnight. The next day the soaked leaves were transferred 
into freshly prepared 10% NaOH solution with a gram:ml 
ratio of 1:10 (leaves: solution) and boiled for 2 h. After that, 
the fibers were filtered, and water washed and neutralized by 
adding 10% acetic acid. The extracted fibers were then made 
in to sheets as shown in Fig. 1. Physicochemical analysis 
was conducted for both the extracted fiber and B. vulgaris. 

Using the data obtained by thermogravimetry and derivative 
thermogravimetry (TG/DTG), the pyrolytic kinetic studies 
were carried to find the Ea and the A.

2.3 TG/DTG analysis
TG/DTG is a technique used to study the thermal behav-
ior of a sample by measuring its mass changes as a func-
tion of temperature. The TG/DTG analysis is performed 
on two samples: BV and BVF. The analysis is conducted 
using the Simultaneous Thermal Analyzer (STA 7200, 
Hitachi HTG, Japan) at three different heating rates 10, 20, 
and 30 K/min in nitrogen atmosphere with a flow rate of 
30 mL/min. The temperature range for the analysis spans 
from 298 K (room temperature) to 1093 K.

2.4 FTIR analysis
Fourier transform infrared spectroscopy (FTIR) is a widely 
used technique in chemistry that provides information about 
the chemical composition of a sample by measuring its 
infrared absorption spectra. The FTIR analysis is performed 
using the Cary 630 FTIR spectrometer with a Diamond ATR 
(Attenuated Total Reflectance) accessory, manufactured by 
Agilent Technologies in the USA. By measuring the infrared 
spectra of the BV and BVF samples, the FTIR analysis can 
identify the functional groups present in the samples.

2.5 EDX analysis
Energy dispersive X-ray spectroscopy (EDX) analysis for 
BV, BVF was done by using EDX (EDAX Inc., USA) 
equipment. It would involve bombarding the samples with 
high-energy electrons or X-rays and detecting the charac-
teristic X-rays emitted. By analyzing the energies of these 
X-rays, the elements present in BV and BVF can be iden-
tified, including those with atomic numbers higher than 
helium. The results obtained from EDX analysis provide 
information about the elemental composition of the samples.

Fig. 1 B. vulgaris – derived fiber sheets
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2.6 SEM analysis
Scanning electron microscope (SEM) is used to observe 
the surface morphology of the samples at micrometer 
scale. SEM is also used to calculate the average grain size 
of the particles prior to TEM and particle size analysis. 
To observe the surface morphology of BV, BVF, biochar of 
BV and biochar of BVF (BVFBC), SEM (VEGA 3, SBH, 
TESCAN Brno S.R.O., Czech Republic) was used.

2.7 Kinetic studies
Generally, the basic assumption of the pyrolysis equation is:

Biomass Biochar Volatile Gases� � .  

The rate equation for this pyrolysis process is given by:

dC
dt

Kf Cf
f� � �,  (1)

where:
•  K = rate constant;
•  Cf = conversion factor and given by

     Cf = (mi − mt ) /(mi − mf  );
•  mi = initial mass of biomass;
•  mt = instantaneous mass of sample;
•  mf = final mass of biochar;
•  f (Cf ) = the function depends on mechanism, men-

tioned in Table 1.

When the pyrolysis reaction is assumed as a single step 
reaction, then K can be defined as:

K A e
E
R T
a

� �
�

� ,  (2)

where:
•  A: pre-exponential factor (s−1);
•  Ea: activation energy (KJ/mol);
•  T: temperature (K).

By combining Eqs. (1) and (2) we get:

dC
dt
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E
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a
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�

� .  (3)

From the heating rate defined as β = dT/dt :

dt dT
�
�

.  (4)

where:
•  dt : change in time (s);
•  dT : change in temperature (K).

After substituting Eq. (4) in Eq. (3) and integrating on 
both sides, gives:
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In this work, to find Ea and A, mainly three iso-con-
versional model free methods were used, those are KAS, 
OFW and Freidman methods. Iso-conversional model free 
methods center around assessing the Ea using the con-
version rate, which is dependent on temperature. Con- 
sequently, the reaction rate at a particular conversion 
level (Cf ) for a given heating rate (  βi ) solely relies on tem-
perature (T  ), with f (Cf ) remaining constant.

2.7.1 Method 1: Kissinger-Akahira-Sunose (KAS) 
method
The Ea and A can be determined accurately by using KAS 
method. On doing some rearrangements to the Eq. (3), 
we get:

ln ln .
�
T

A R
g C E

E
R Tf a

a
2
�

�

� ��
�

�
 (6)

The plot between ln( β/T  2) (Y-axis) vs. 1/T at individ-
ual conversion factor (Cf ) for three different heating rates 
gives straight lines for all the conversions. The slope of 
each line represents −Ea/R and the intercept gives the 
value of ln (A × R/g(Cf ) × Ea ).

2.7.2 Method 2: Ozawa-Flynn-Wall (OFW) method
The equation for this model is given by:

log log . . .�� � � �
� � � �
�
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A plot between log β vs. 1/T at individual Cf for three 
differ ent heating rates gives straight lines for all the conver-
sions. The slope of each line represents −0.457Ea/R and the 
intercept gives the value of log [(A × Ea )/(−R × g(Cf ))] − 2.315.

2.7.3 Method 3: Friedman method
Both OFW and KAS methods use integration technique, 
Friedman method uses differentiation technique to calcu-
late Ea and A. The equation for this model is given by tak-
ing natural logarithm for the Eq. (3) gives:

ln ln .
dC
dt

A f C E
R T

f
f

a� � � �� � � �
 (8)
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A plot between −Ea/R at individual Cf for different heat-
ing rates gives straight lines and the slope represents 1/T 
and the intercept represents ln(A × f (Cf ).

In these three equations, f (Cf ) and g(Cf ) represent var-
ious kinetic models representing the interaction between 
different phases, random formation of nuclei, growth of 
nuclei, chemical reactions, and diffusion are employed 
to analyze the data obtained from TGA. In this study, 
the TGA data collected during the pyrolysis of BV and 
BVF were examined using 14 different kinetic models, 
as presented in Table 1. The most appropriate reaction 
model is determined based on the highest regression coef-
ficient observed in the plot of ln [ g(Cf )/T 2 ] vs. 1/T.

3 Results and discussions
3.1 TG/DTG
The thermal stability of BV and BVF was investigated 
through TG/DTG analysis, as shown in Fig. 2 (a) and (b). 
The analysis was conducted at heating rates of 10, 20, and 

30 K/min, with sample sizes for BV being 3.4 mg, 3.5 mg, 
and 3.7 mg, and for BVF, 3.3 mg, 3.2 mg, and 3.7 mg for 
the respective heating rates. The TG/DTG results were 
further utilized for kinetic studies.

For BV, the major mass loss was observed between 473 
and 693 K, while BVF exhibited mass loss from 523 to 
723 K with similar DTG curves. The initial peak, rang-
ing from 313–393 K, corresponded to the evaporation 
of moisture and volatile matter, accounting for approxi-
mately 10% mass loss in BV and 8% in BVF. The second, 
major mass loss stage was attributed to the decomposition 
of hemicellulose, lignin, and cellulose, which extended up 
to 723 K for BVF.

When comparing the thermal decomposition rates,  
BV demonstrated a lower mass loss rate (763.5 µg/min at 
30 K/min) than BVF (1018.2 µg/min at 30 K/min) around 
the same peak temperature, approximately 623 K. This 
suggests that BV is thermally more stable than BVF. 
The TG analysis further supported this, showing that BVF 

Table 1 Solid state kinetic models

Model Mechanism name f  (Cf ) g(Cf )

Chemical reaction

1 First order

2 Second order

3 Third order 1 1 2
2�� � ��

�
�
�

�Cf

4 Nth order 1 1 11�� � ��
�

�
� �� ��C nf

n

 
Random nucleation and nuclei growth

5 Two-dimensional

6 Three-dimensional

Limiting surface reaction between both phases

7 One dimension 1 Cf

8 Two dimensions

9 Three dimensions

Diffusion

10 One way transport

11 Two way transport

12 Three way transport 2

3
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2

3

1
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��

�
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had a total mass loss of around 80%, whereas BV had a mass 
loss of around 70% from room temperature to 1093 K. This 
difference could be attributed to the partial decomposition 
of lignin during the fiber extraction process.

A significant observation in both TG/DTG curves is the 
shift of the maximum decomposition temperature (Tmax ) 
to higher temperatures with increasing heating rates. 
The Tmax for BV was observed at 591 K, 633 K, and 643 K 
at heating rates of 10, 20, and 30 K/min, respectively. This 
shift, along with the corresponding increase in the rate of 
mass loss, is indicative of a heat transfer limitation, likely 
caused by thermal lag within the materials [13, 14]. As the 
heating rate increases, the temperature rises more rapidly, 
leading to a faster reaction rate and greater mass loss com-
pared to lower heating rates.

3.2 FTIR analysis
The FTIR for BV, BVF, BVFBC is depicted in Fig. 3 within 
a range of 4000–500 cm−1. The peaks in the region 1000–
500 cm−1 corresponding to the presence of functional 
groups Si-O and Al-OH were observed. The wider peak at 
3332 cm−1 indicates the stretching vibration of O-H group 
in polysaccharides, which is vanished in BVFBC, due to 
the pyrolysis. The peaks in range of 3660–2900 cm−1 indi-
cate the O-H and C-H bonds in polysaccharides in BV 

and BVF [8]. BVFBC has the least peaks due to pyrol-
ysis and the peak in BVFBC at 871 cm−1 corresponding 
to the Si-CH3 vibration and indicates the presence of Si. 
The peaks at 918 cm−1 in BL correspond to the vibration 
of N-H and -OH bonds. A fraction of those evaporated/
decomposed during the process of extraction, leading to 
lower peak intensity in BVF and completely decomposed 
during the pyrolysis stage.

3.3 EDX analysis
Fig. 4 (a) and (b) indicates the EDX of BV and BVF respec-
tively. This indicates the presence of elements Si, K, C and 
O in the leaves and only C and O with a small trace of Si 
is present in the fibers, the elements like K and Si may be 
leached away during the extraction process with NaOH.

3.4 SEM analysis
Fig. 5 (a), (b), (c) and (d) represents BV, BVF, biochar of 
BV and BVFBC respectively. The surface of the leaf is 
roughly packed and there is no trace of fiber like struc-
tures due to the existence of lignin. After the extraction 
process the fibers are clearly visible with a diameter rang-
ing from 4.2–4.6 µm.

When compared to BVFBC, biochar of BV has more 
widened pores. These types of pores will increase the 
surface area which will be helpful in some process like 
adsorption, where as the formed BVFBC particles have 
less pores than BV biochar.

3.5 Kinetics studies
The pyrolytic kinetic studies of BV and BVF were car-
ried out with the Cf ranging from 0.2–0.9. For the accurate 

Fig. 3 FTIR analysis

(a)

(b)

Fig. 2 TG/DTG of (a) BV; (b) BVF
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Fig. 5 SEM image of (a) BV; (b) BVF; (c) BVF biochar; (d) BV biochar

(a) (b)

(d)(c)

Fig. 4 EDX of (a) BV; (b) BVF

(a) (b)
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Table 2 R2 values of 13 solid state kinetic equations

Model Mechanism name
R2 values

10 K/min 20 K/min 30 K/min

BV BVF BV BVF BV BVF

Chemical reaction

1 First order 0.8375 0.8149 0.4119 0.8304 0.8851 0.8955

2 Second order 0.8729 0.8187 0.9108 0.8150 0.8798 0.8975

3 Third order 0.8175 0.7680 0.8063 0.7540 0.8078 0.8314

Random nucleation and nuclei growth

4 Two-dimensional 0.0639 0.2231 0.2744 0.2871 0.2810 0.6883

5 Three-dimensional 0.6176 0.4843 0.3521 0.4392 0.4958 0.0477

Limiting surface reaction between both phases

6 One dimension 0.4194 0.5562 0.8216 0.6057 0.5761 0.7790

7 Two dimensions 0.6560 0.7050 0.7071 0.7319 0.7485 0.8348

8 Three dimensions 0.7290 0.7497 0.7636 0.7722 0.8035 0.8571

Diffusion

9 One way transport 0.7756 0.8082 0.786 0.8222 0.8254 0.8683

10 Two way transport 0.8274 0.8364 0.8323 0.8486 0.8656 0.8874

11 Three way transport 0.8837 0.8689 0.8117 0.8789 0.9116 0.9123

12 Ginstling-Brounshtein equation 0.8489 0.8489 0.8523 0.8602 0.8829 0.8963

13 Zhuravlev equation 0.9273 0.8875 0.9417 0.8924 0.9435 0.9380

measurement of the Ea and A, the moisture evaporation 
zone isn't advisable to consider into the account while 
doing calculations. The R2 values at three different heating 
rates for both BV and BVF for the plot ln [ g(Cf )/T  2] vs. 1/T 
are tabulated in Table 2.

Zhuravlev's diffusion equation is found to be best 
fit for both materials at all three heating rates. So,  
[(1 − Cf ) × ((−1)/3) − 1]2 was considered as g(Cf ) and  
(2/3) × (1 − Cf )

5/3 / [1 − (1 − Cf )
1/3 ] was considered as f(Cf ) 

for solving KAS, OFW and Friedman equations.

3.5.1 Activation energy
Ea and the A values for BV and BVF were calculated by 
using OFW, KAS and Friedman methods and are shown 
in Fig. 6 (a), (b) and (c). The Ea values for different Cf along 
with the R2 values were tabulated. The Ea is increasing as 
the Cf increases. This is due to the increase of the com-
plexation of the reactions happening in the samples.

3.5.2 Pre-exponential factor
A gives the idea of number of collisions per unit time. 
Like Ea, A also increases with temperature. As the reac-
tion rate increases, the number of collisions increases.

The Ea for the leaves (BV) (calculated from graphs, 
shown in Fig. 6 (a), (b) and (c) and tabulated in Table (3)) 

is higher when compared to the BVF (Table 4), because of 
the leaf contains a greater number of compounds mostly 
lost during the process of extraction. The activation ener-
gies for BV are 283.8, 279.8 and 318.9 kJ/mol. The acti-
vation energies range from 170–670 kJ/mol and the high-
est activation is at Cf 0.9 for Friedman method. The A is 
ranging from the order of 1015 to 1045 s−1 and the average 
value is 1043 s−1. The drastic increase of A from power 15 
to power 45 in Cf 0.7, 0.8 and 0.9 is due to the tempera-
ture rise, leading to more collisions among the molecules. 
This trend is observed in three models.

For BVF see the results in Fig. 7.
From the graphs Fig. 7 (a), (b) and (c), Ea values and A 

were calculated and tabulated in Table 4 for BVF and the 
calculated Ea is in range of 100–195 kJ/mol. The average 
Ea for BVF were 162.4, 164.4 and 165.5 kJ/mol for KAS, 
OFW and Friedman methods, respectively. The Friedman 
method showed more deviation at individual Cf values 
when compared to OFW and KAS, but the average Ea is 
nearly equal to that from OFW and KAS. These results 
were well aligned with the previous findings for plant res-
idue pyrolysis [15–17].

For BVF the number of collisions increased from order 
106 to order 1016 as the temperature increased. The num-
ber of collisions is very low compared to BV. The reason 
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Table 3 Ea and A values from 3 models for BV

KAS OFW Friedman

Cf Ea (kJ/mol) A (s−1 ) R2 values Ea (kJ/mol) A (s−1 ) R2 values Ea (kJ/mol) A (s−1 ) R2 values

0.2 171.50 1.15 × 1015 0.9764 171.21 1.12 × 1015 0.9786 199.21 5.21 × 1017 0.9999

0.3 205.03 5.21 × 1017 0.9790 203.61 4.04 × 1017 0.9808 230.53 1.43 × 1020 0.9737

0.4 198.11 5.05 × 1016 0.9912 198.13 4.49 × 1016 0.9920 202.58 1.28 × 1017 0.9995

0.5 194.11 9.62 × 1015 0.992 193.84 9.48 × 1015 0.9927 182.89 1.58 × 1015 0.9287

0.6 181.66 6.52 × 104 0.9883 182.18 7.61 × 1014 0.9895 190.56 8.77 × 1015 0.9988

0.7 215.89 4.6 × 1017 0.9996 214.94 4.07 × 1017 0.9997 311.49 5.82 × 1025 0.9866

0.8 569.88 5.77 × 1044 0.9990 552.08 8.58 × 1043 0.9990 563.96 3.92 × 1043 0.9688

0.9 533.67 3.92 × 1037 0.9012 518.96 8.34 × 1036 0.9053 670.28 4.57 × 1046 0.9836

Average 283.835 7.21 × 1043 0.9783 279.37 1.07 × 1043 0.9797 318.940 5.72 × 1045 0.9799

Fig. 6 BV graph for (a) KAS model (b) OFW model (c) Friedman model

(c)

(b)(a)
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behind this is the same as the reason for lower Ea of BVF 
compared to BV. The highest number of collisions is eval-
uated to be 2.5 × 1015.

4 Conclusions
The aim of this paper is to utilize the BV to extract fibers 
and to conduct pyrolytic kinetic studies for both leaves 
and fibers. Along with that, physicochemical characteri-
sation methods like SEM, FTIR, EDX and TG/DTG were 
applied. TG showed that the maximum temperature that 
the leaves can resist is up to 473 K, from which the actual 
decomposition of the material started and for the fibers it 

is 493 K. EDX showed that Si concentration was decreased 
in the process of extracting fibers and SEM showed the 
clear morphology of the fibers and the leaves.

When the results of both BV and BVF are compared, 
the average Ea of the fiber (165 kJ/mol) is smaller than the 
leaves (293 kJ/mol). The same repeats with the A also. 
This is due to the complexity of the reactions happening 
in the leaves and most of the compounds in the leaves were 
disintegrated/leached during the extraction. Due to this, 
it took 43% less energy to kick starts the reaction process 
for the fibers compared to leaves. Due to the complex mol-
ecules, the A in leaves rose to the 1045 s−1 at Cf = 0.8.

Table 4 Ea and A values from 3 models for BVF

KAS OFW Friedman

Cf Ea (kJ/mol) A R2 Ea (kJ/mol) A R2 Ea (kJ/mol) A R2

0.2 102.0128 7.00 × 106 0.8813 106.0899 2.27 × 107 0.8992 150.2007 4.96 × 1011 0.953

0.3 133.9552 7.14 × 109 0.9204 136.7425 1.46 × 1010 0.9304 180.9376 2.71 × 1014 0.9626

0.4 163.1124 3.06 × 1012 0.9366 164.6663 4.49 × 1012 0.9435 203.5267 2.5 × 1016 0.9666

0.5 175.8744 4.33 × 1013 0.9360 176.9553 5.67 × 1013 0.9426 36.39537 210.3944 0.0214

0.6 174.2282 3.55 × 1013 0.9405 175.5436 4.88 × 1013 0.9468 188.2705 1.54 × 1015 0.9633

0.7 181.0706 1.46 × 1014 0.9537 182.1984 1.91 × 1014 0.9586 181.5112 4.38 × 1014 0.9708

0.8 178.5515 8.10 × 1013 0.9730 180.0299 1.14 × 1014 0.976 187.5971 6.24 × 1014 0.9899

0.9 190.6982 2.44 × 1013 0.9353 193.0048 3.88 × 1013 0.9427 195.6284 2.72 × 1013 0.8644

Average 162.4378 4.16 × 1013 0.9346 164.4038 5.68 × 1013 0.9424 165.5085 3.49 × 1015 0.8365

Fig. 7 BVF graphs for; (a) KAS model; (b) OFW model; (c) Friedman model

(a) (b)

(c)
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