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https://doi.org/10.14447/jnmes.XXXXXX ABSTRACT
Received: This study investigates the potential of producing carbon materials from millet cob and
Accepted: water hyacinth through the analysis of their pyrolysis behavior. Thermogravimetric

experiments were performed from 35°C to 700 °C under nitrogen to characterize
mass-loss profiles and identify decomposition stages. Kinetic parameters were
determined at heating rates of 5, 10, 15, and 20 °C/min using Kissinger, Kissinger—
Akahira—Sunose, and Flynn—Wall-Ozawa methods. Carbon contents obtained by
combustion analysis were 44.9 % for millet cob and 40.6 % for water hyacinth. Both
precursors exhibited three main transitions: moisture evaporation, hemicellulose and
cellulose decomposition, and major lignin degradation. Proximate analysis showed
distinct compositions, with millet cob containing 72.1 % volatile matter and 5.5 % ash,
while water hyacinth presented 68.9 % volatile matter and 8.7 % ash. XPS results
revealed differences in surface chemistry: millet cob displayed a higher proportion of
sp? carbon and a less oxidized surface, whereas water hyacinth contained more
oxygenated functional groups and mineral species. These findings indicate that both
biomass sources can serve as viable precursors for producing raw carbon materials, with
their structural and chemical characteristics offering potential advantages for various
electrochemical applications.
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BET Brunauer, Emmett et Teller

C Carbon

E. Activation energy

EDS Energy Dispersive Spectroscopy
EIS Electrochemical Impedance Spectroscopy
FWO Flynn-Wall-Ozawa

HCl Hydrogen chloride

HsPO4 Phosphoric acid

KAS Kissinger-Akahira-Sunose

KOH Potassium hydroxide

Li* Lithium Ion

N, Nitrogen

Ret Charge transfer resistance

Re Electrolyte resistance

SEM Scanning Electron Microscopy
TGA Thermogravimetric analysis
XRD X-ray diffraction

Subscripts

M Carbonous materials

DTG Derivative thermogravimetric
MC Millet cob

NLDFT Non-Local Density Functional Theory
WH Water Hyacinth
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1. INTRODUCTION

The depletion of fossil resources, combined with the
challenges of climate change, is driving humanity toward the
adoption of so-called clean energy sources. Among these,
biomass emerges as a promising alternative due to its
abundance and its multiple economic and energetic advantages.
Biomass can be converted into various forms of energy, fuels,
or chemicals through biochemical and thermochemical
processes. The latter include combustion, pyrolysis,
gasification, and hydrothermal liquefaction [1].

Numerous proximate analysis studies have been conducted
on various types of biomass, including fibrous wood fragments
[2], Miscanthus giganteus [3], coconut fibers, and eucalyptus
dead leaves [4]. These studies provide critical insights into the
composition of biomass precursors, highlighting key fractions
such as moisture content, volatile matter, ash content, and
fixed carbon. This characterization plays a fundamental role in
assessing the energy potential of biomass, guiding its
optimization for renewable energy applications.

X-ray photoelectron spectroscopy (XPS) is a powerful
characterization method for analyzing the surface chemistry of
solid materials. It provides qualitative and quantitative data on
the elemental composition, except for hydrogen and helium,
as well as the nature of chemical functional groups, thus
providing a deep understanding of surface interactions [5], [6].

Pyrolysis is an efficient method used for biomass molecules’

decomposition into gaseous or volatile matter, liquid or tar and
solid carbonized matter or char or carbon [7]. It is possible now
to synthesize an active carbon use as the electro catalyst
support for electric vehicle batteries applications. However,
the synthesis of natural activated carbon is a complex process
that requires a thorough understanding of thermal and kinetic
behaviors. To use biomass waste such as millet cob and water
hyacinth as raw materials for activated carbon production, it is
essential to conduct thermal and kinetic analyses of their
thermal decomposition. Millet cob and water hyacinth have
the advantage of being abundantly available in many parts of
the world and are often considered low-value or waste
materials. Millet alone accounts for nearly half of global
production and is widely cultivated in arid and semi-arid
regions of Africa and Asia. [8]. Millet is also cultivated and
used as a fern plant in the United States, in the Caribbean
countries as Haiti and Australia [9].

According to the International Union for Conservation of
Nature (IUCN), water hyacinth is considered one of the most
dangerously invasive aquatic plants due to its rapid
propagation [10]. Native to the Amazon region of Brazil, it has
since spread extensively across tropical areas of Africa and
Asia [8]. Within a few days, it can cover large portions of
water surfaces with thick, dense mats supported by its bulbous
submerged stems. These mats enable the plant to float, often
obstructing sunlight from reaching the water below. As a result,
aquatic ecosystems can be severely affected, with reduced
light penetration potentially leading to the death of underwater
fauna due to lack of photosynthesis [8]. Water hyacinth also
disrupts human activities by blocking ponds and canals,
thereby interfering with water supply, fishing, irrigation, and
tourism services [8].

It has been shown that its minimum temperature growth is
12°C, the optimum is in the range of 25-33°C and the
maximum temperature is 33-35°C. If the water hyacinth lives
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in this last range of temperature, its leaves and stems lose their
water under high sunlight which may stop the plant growth
[11], [12], [13], [14].

Based on the above data of discussion on the plant, it is not
very useful in its environment and for human activities. It can
also be produced easily at high volume in a short time, and it
is a renewable carbon source. Accordingly, its utilization as
carbon support as active materials for Li-ions battery
applications.

Thermogravimetric analysis (TGA) is a widely recognized
and reliable technique used to accurately assess mass loss
during the thermal decomposition of biomass samples through
pyrolysis [15]. This thermal analysis method is essential for
understanding the degradation behavior of materials by
monitoring changes in mass as a function of temperature or
relative to reference temperature. Depending on the nature of
the sample and the objectives of the study, TGA can be
performed in various modes: (i) dynamic mode, where the
sample is heated at a constant rate; (ii) isothermal mode, where
it is maintained at a fixed temperature; or (iii) under a non-
linear temperature profile. All measurements are conducted
under a controlled atmosphere to ensure reproducibility and
relevance of the results [16].

Many biomass resources have already been studied by
pyrolysis to get carbon support for battery applications. These
studies include the characteristics and kinetics analysis of the
thermal decomposition process of rice straw [17], corn cob
quantitative analysis of the thermal degradation characteristics
[18], sorghum straw decomposition using thermogravimetric
analysis [19], jute sticks characterization by pyrolysis and
kinetic analysis [20], coconut shell waste kinetic study by
pyrolysis [21], bioenergetic potential study of pearl millet by
kinetic analysis under pyrolysis and combustion [22], water
hyacinth roots, stems and leaves pyrolytic bioenergy potential
quantification [23], Tunisian tomato waste as biomass fuel
potential study by thermogravimetric analysis and kinetic
study [24], carbonization process and model mechanism study
for bamboo pyrolysis [25], apple waste thermal and kinetic
characterization by pyrolysis [26], microalgal residues
pyrolysis kinetic analysis [27].

Most biomass waste can be used to synthesize activated
carbon for battery electrodes; however, determining the
appropriate heating rate and optimal activation temperature
remains challenging. Thermogravimetric analysis of pyrolysis
is a valuable tool that addresses this issue by providing insight
into the thermal behavior and kinetic parameters of the
samples.

In this study, following the compositional analysis of millet
cob and water hyacinth samples, their thermal and kinetic
behaviors were investigated using thermogravimetric analysis.
To determine the kinetic parameters governing their thermal
decomposition, iso-conversional models such as Kissinger,
Kissinger-Akahira-Sunose (KAS), and Flynn-Wall-Ozawa
(FWO) were applied. TGA and its derivative curves were used
to identify the temperatures corresponding to each stage of the
decomposition process, including the release of volatiles,
formation of char, fixed carbon, and residual ash. Activation
energy and pre-exponential factors were estimated as a
function of the conversion rate using the kinetic models. Lastly,
a kinetic investigation was carried out by varying the heating
rate to determine the optimal conditions for both chemical and
physical activation of the resulting carbon materials.
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Although millet cob and water hyacinth waste are abundant,
there are no studies on the valorization of its wastes into active
support carbon for Li-ion batteries electrodes for electric
vehicle applications. Only one has addressed thermal and
kinetic analyses on pearl millet [22]. Two research papers have
focused on water hyacinth, including a study of its
bioenergetic potential [23] and a description of its thermal
degradation kinetics [28]. However, this study focused on the
bioenergetic potentiality of the entire millet plant, but here we
are only interested in the millet cob, which may present a
morphological aspect favorable to the synthesis of active
carbon. On the other hand, advances in the development of
novel carbon materials encourage the evaluation of the
bioenergetic potential of plants such as water hyacinth.
Accordingly, for water hyacinth as well as millet cob, we are
mainly interested in temperature determination during their
phase transitions and the optimal heating rate to be used for
the synthesis of active carbon as effective support materials for
active electrodes for electrochemical energy storage
applications as Li-ion batteries.

2. Materials and methods
2.1 Materials

For the proximate analysis, millet cob and water hyacinth
samples were weighed using an analytical balance and placed
in refractory crucibles. A furnace operating under an argon
atmosphere was used both for drying and for determining the
volatile matter and ash content. X-ray photoelectron
spectroscopy (XPS) was carried out on the precursors using a
Thermo Scientific ESCALAB 250Xi system equipped with a
monochromatic Al Ka source (1486.7 ¢V). The morphological
characteristics of the precursors were examined using a JEOL
JSM-7600F scanning electron microscope.

Thermogravimetric analysis was performed to assess the
pyrolysis behavior of the samples. The analyses were
conducted using a TGA 8000 thermobalance from Perkin-
Elmer, which allows for both TGA and differential scanning
calorimetry (DSC) measurements. Nitrogen was used as purge
gas throughout the experiments. The dried biomass samples
were collected from various regions of Burkina Faso. Prior to
analysis, the samples were disinfected with 10% hydrochloric
acid, rinsed with deionized water, and dried at 80 °C for 48
hours, then ground into powder form.

2.2. Proximate analysis method

The moisture content of millet cob and water hyacinth
samples is determined using ASTM E871-82 [29]. The
crucibles are conditioned in an oven at 1050C for thirty
minutes. The millet cob and water hyacinth samples are
removed, reduced to a uniform size and placed in the sealed
crucibles. After an initial weighing of approximately 1 g of
each sample, they are heated at 105°C for 16 hours, then
cooled and weighed again. The percentage of moisture present
in the biomass is determined using equation (1) [29] :

| % Moisture = (Wi-Wf) / (Wi-Wc) * 100 () ]

Where: Wc = Weight of empty crucible (g)
Wi = Initial Weight of crucible and sample (g)
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Wt = Final Weight of crucible and dry sample (g)

The ash content is determined according to the ASTM
El1755-01 method, the procedure of which consists of first
heating the empty crucibles to 600 °C before cooling them and
weighing them with an accuracy of 0.1 mg [30]. Each sample
of millet cob and water hyacinth with a mass of 2 g is then
placed in the crucible, weighed, and then dried at 105 °C until
its weight is stabilized. Once the sample is dry, it is heated in
a muffle furnace at 600 °C for 4 h, to eliminate the carbon by
combustion without generating mechanical losses. The
crucibles are cooled and then weighed immediately [30]. The
percentage of ash present in the biomass is determined from
equation (2) [30]:

| % Ash = Wysn / Wary sample @ |

Where: W,s, = Weight of ash (g)
Wary sample = Weight of dried sample (g)

The determination of volatile matter (VM) follows the
ASTM E872-82 method, where 1 g of sample previously dried
at 105°C is heated to 950°C for 7 minutes, with a heating rate
of 50°C/min under a neutral argon atmosphere [31]. Before the
experiment, the empty crucible is weighed, followed by the
weighing of the sample placed inside, and then the hole is
taken to the furnace. After the heat treatment, the sample is
rapidly cooled and immediately weighed to measure the mass
loss due to the evaporation of volatile matter. The final
quantity is calculated according to equation (3) of the standard
[31]:

[% VM = (Wie-W) / (Wie-Wo) * 100 3 |

Where: W, = Mass of empty crucible (g),
Wiq = Initial mass of crucible and dry sample (g),
W¢ = Final mass of crucible and sample (g)

The amount of fixed carbon (FC) is calculated by
subtracting the constituent fractions of the material, namely
moisture, volatile matter and ash. This approach makes it
possible to estimate the proportion of residual carbon after
removal of volatile and inorganic components. The
mathematical relationship used is given by equation (4) [32]:

| %FC=100—(% Moisture + % VM + % ash) | (4) |

2.3. X-ray photoelectron spectroscopy (XPS) Analysis
method

For the analysis, powdered samples were affixed to
adhesive tape and positioned directly on the sample holder. To
ensure measurement accuracy, standard charge compensation
was applied using low-energy electrons and Ar* ions. Spectral
data were processed with Avantage v6.5, and relative atomic
percentages were derived from peak areas, utilizing
manufacturer sensitivity factors. The Powell algorithm was
employed for peak fitting, integrating a Gaussian-Lorentzian
mix. Specific constraints were implemented: while the
Lorentzian/Gaussian ratio was not fixed, it was kept consistent
across all component peaks of a given element and orbital, yet
allowed to vary between samples. Additionally, the relative
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areas of the fitted 2p3/2-2p1/2 and 3d5/2-3d3/2 doublets were
constrained to ratios of 2:1 and 3:2, respectively.

2.4. Thermogravimetry in
conditions

experiments pyrolysis

Pyrolysis is a thermal decomposition process in which
biomass samples are heated to a target temperature at a
controlled heating rate in the absence of oxygen or air. The
primary products of pyrolysis include condensable vapors and
solid coke. These vapors can undergo further transformation
into non-condensable gases such as CO, CO2, H2 or CH4, as
well as into liquids or tars [33]. The pyrolysis process and its
associated products can be represented by the following
generalized equation: [33]:

Cp + Hp + Op + heat — ¥14quiq Ca + Hp + O +
ZGas Cx + Hy + OZ + ZSolid C

For the pyrolysis, millet cob and water hyacinth samples
were placed in the thermobalance chamber under a nitrogen
atmosphere. Thermogravimetric analysis was conducted to
monitor the mass variation of the samples as a function of
temperature and time. The carbon content of both biomass
types was determined by combustion using a Perkin-Elmer
A200 carbon analyzer. For TGA, the dynamic mode was
employed, in which samples were heated at a constant rate of
20 °C/min in a nitrogen-purged environment. The nitrogen
flow rate was set to 40 mL/min to ensure a consistent inert
atmosphere throughout the process. Each sample was heated
from 35 °C to 700 °C. For the kinetic analysis, additional tests
were conducted at four different heating rates: 5 °C/min,
10 °C/min, 15 °C/min, and 20 °C/min, all under the same inert
conditions. The initial mass of millet cob samples ranged from
10.50 mg to 15.60 mg, while that of water hyacinth samples
varied between 7.90 mg and 10.40 mg.

2.5. Description of the kinetic models

The possibility and rates of biomass transformation into
syngas, biochar or carbon depend on the kinetic parameters
used during pyrolysis. Hence an accurate kinetic model must
be used to obtain the desired optimized product from biomass
like carbon [34]. As for other types of biomasses, the
thermochemical conversion process can be represented by the
generalized reaction:

Biomass — Biochar + carbon + syngas

To describe the thermal decomposition kinetics, a single-
step reaction model can be applied, using the conversion rate
as a function of temperature and time. This model is usually
governed by the Arrhenius equation, which allows calculating
the activation energy required for pyrolysis and the reaction
rate constants essential for predicting the decomposition
behavior of biomass. The classic kinetic equation describing
the thermal decomposition by a single reaction conversion rate
can be written as [35]:

da

< = K(D-f(@ (5)
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With o is the conversion degree, f(a) is the conversion
degree function, t is the decomposition time and k(T) is the
Arrhenius classic function given by:

K(T) = Aexp (- E) ©)

RT

Where R = 8.314 x 10-3 kJ/K/mol is the gas constant, E,
(J/mol) is the activation energy, A is the Arrhenius equation
pre-exponential factor (/min) and T (K) the absolute
temperature.

The degree of conversion o is defined as:

mi_mt
= ()

m; — m¢

With mi is the initial mass, mt is the mass at the
decomposition time t and mf is the final mass of the sample.

By combining equations (5) and (6), we obtain the
following relation:

®)

The heating rate can be expressed as follows:
B= %, where B is the heating rate, dT the change in
temperature, and dt the change in time.

By applying the necessary transformations, equation (8) be
comes:

(~22)- )

Given that T= dt+TO0, integrating equation (9) results in:

g(a) =La%.da=%f:exp<—%>.dT

(10)

where g(a) is a function representing the decomposition
mechanism. It typically denotes the limiting stage of the
reaction, which can be classified as: chemical reaction, phase
boundary reaction, random nucleation and nuclei growth, or
diffusion.

To determine the different parameters and kinetic
mechanisms, the most well-known non-isothermal methods
have been employed. These include Kissinger, Kissinger-
Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO) and the
Coats-Redfern method have been used, respectively [36],
[37], [38], [39], [40].

The Kissinger method is basically given by [39] :

In (%) =In (]Aa—l:)

Here, Ti denotes the maximum temperature.

E,
R. T,

(Imn
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The KAS method developed in [39] and in [40] consists of
pyrolysis of the sample following at least three different
heating rates. The KAS method expression is defined as:

n(i) = () 02

Utilizing equation (12), we can plot the In (T%) curve as a

1

T
to determine the activation energy E, from the slope. This
method provides a clear and straightforward way to derive
kinetic parameters from the experimental data.

The FWO method, as developed in references [35] and [41],
closely parallels the KAS method. By pyrolyzing the sample
at multiple heating rates, this method facilitates the
determination of key parameters and the kinetic mechanism.
The expression for the FWO method is as follows:

function of ( ) This plot results in a straight line, allowing us

AE,
R.g(c)

Ing = ln( ) — 5331 — 1.052 ( Ea ) (13)

R.T

Like the KAS method, plotting Inf against (%) yields a

straight line from which the slope can be used to determine the
activation energy E.. By applying this technique to the
thermogravimetric data of millet cob and water hyacinth, it is
possible to determine and analyze the kinetic parameters
governing their thermal decomposition. These results offer
valuable insights into the decomposition behavior of these
biomasses and highlight their potential for use in bioenergy
production.

3. Results and discussion

3.1. Proximate analysis of millet cob and water hyacinth
Proximate analysis reveals that millet cob contains a higher

percentage of volatile matter and a lower ash content

compared to water hyacinth. The results are detailed in the

table 1 below.

Table 1: Proximate analysis of millet cob and water
hyacinth

Samples Moisture Volatile Ash Fixed
(%) Matter (%) (%) | Carbon (%)
Millet cob 4.4 72.1 5.5 18.0
Water 6.0 68.8 8.7 16.5
hyacinthe

The lower moisture content in millet cob, naturally drier
than water hyacinth, could reduce drying costs before
pyrolysis or carbonization. Additionally, its slightly higher
volatility promotes pore formation, which is beneficial for
chemical or physical activation of carbon. The higher ash
content in water hyacinth is attributed to its aquatic origin,
which involves increased mineral content. Finally, the fixed
carbon content in both samples indicates a good residual
carbon yield after pyrolysis, making them suitable for energy
valorization.

3.2. XPS Analysis of millet cob and water hyacinth

The XPS analysis of both Sample JE and Sample EM
indicates the absence of a © — 7 * shake-up transition in the
Cls photoelectron peak, suggesting a low concentration of sp
% -hybridized carbon. Further investigation of the CKLL Auger
electron region reveals a D-parameter of 13.5 eV for the water
hyacinth Sample, corresponding to an sp?-carbon content of 5
%, while millet cob sample presents a D-parameter of 14.0 eV,
indicating a slightly higher sp?-carbon fraction of 10 %. The
precision of these estimations, based on the D-parameter, is
evaluated at approximately 5 % for both samples.

Figure 1 below shows the high-resolution Cls peak
decomposition curves for millet cob and water hyacinth
samples. These spectra distinguish the different forms of
carbon bonds present on the surface of the two materials. For
millet cob, the peak decomposition reveals a predominance of
the C-C/C=C signal (at ~284.8 eV), characteristic of a
predominantly aliphatic or amorphous carbon, accompanied
by significant contributions from C-O, C=0O, and O-C=0
bonds, indicating the presence of oxygenated functional
groups. As for water hyacinth, although the C—C signal is also
dominant, the relative proportions of the C-O, O=C-N, and
O-C=0 components are higher, reflecting a more oxidized and
functionalized surface, consistent with its aquatic origin. This
suggests a greater richness in polar groups, which may
improve the chemical interaction of the material with other
active components or electrolytes.

C1s+K2p Scan
1 Cis C-C
12000 /
] i
|
10000+ IHI
| Millet cob Il
» 8000 |
» . |
5 60004 |
= 4 |
4000 C1s c-0
i Cis o-c’ja I,
Ci1s0=C-N 1
20001 K2p1 kap3 /f Lo\
R — . Z Y ] .&
0
304 300 296 292 288 284
Binding Energy (eV)

(a) Millet cob

Cls+i2p Scan

12000 4
10000 . e
] Water hyacinth
80004
60004 C1s/C-

4000 | |

Counts / 5 (Residuals x 8)

20004

304 300 296 292 288 284
Binding Energy (eV)

(b) Water hyacinth

Figure 1: Cls peak decay curves (high resolution)
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Figure 2 below shows the high-resolution XPS spectra of
the Ols band for millet cob (left) and water hyacinth (right).
These spectra highlight the chemical nature of the oxygenated
groups present on the surface of both biomasses. For millet
cob, the splitting of the Ols peak reveals two main
contributions: one at ~531.8 eV, attributed to C=0 bonds
(carbonyls or carboxyls), and a second at ~532.9 eV,
corresponding to C—O bonds (alcohols, ethers) or Si—O bonds,
which is consistent with the presence of silica detected in the
elemental analysis. For water hyacinth, the two components
observed at ~531.6 eV and ~532.8 eV are respectively
attributed to O=C—N (amides or urea) and C-O bonds,
indicating a surface more enriched in nitrogenous and
oxygenated functional groups. This chemical signature
testifies to a stronger surface functionalization, which could
improve the wettability and chemical interaction capacity of
the material, for adsorption or electrochemistry applications.

O1s Scan

12000
10000 4
Millet cob

#0004

60004

4000
/
| Iy
20004 J/

340 536
Binding Energy (eV)

Counts /s

(a) Millet cob

O1s Scan

140004
12000
4 O1s C-0
10000 4 £

80004

6000

Water hyacinth

O1s O=C-N

)

Counts / s (Residuals x §)

40004

b VAN

540 536 532
Binding Energy (eV)

528

(b) Water hyacinth
Figure 2: Ols spectra

The histogram below illustrates the surface atomic
composition of millet cob and water hyacinth samples
obtained by XPS analysis. It highlights the relative
percentages of the main elements detected on the surface of
the materials.
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Figure 3: Atomic Percentage Bar Chart of millet cob and
water hyacinth

It is observed that millet cob has a significantly higher
carbon content (71.3%) than water hyacinth (64.5%),
reflecting a more carbonaceous and potentially more thermally
stable surface. Conversely, water hyacinth exhibits a higher
oxygen concentration (25.9% versus 21.8%), reflecting more
pronounced surface oxidation, likely related to the presence of
numerous oxygenated functional groups (C-O, O=C-N)
identified in the Cls and Ols spectra.

Additionally, water hyacinth has higher amounts of
inorganic elements such as potassium, chlorine, calcium, and
nitrogen, due to its aquatic environment rich in minerals and
nitrogenous organic matter. In contrast, millet cob has a more
homogeneous surface and are less loaded with mineral
elements. However, this entire composition is subject to
change when carbon is chemically activated at high
temperatures.

The XPS analysis results are consistent with the ultimate
analysis, which revealed a higher volatile matter content in
millet cob compared to water hyacinth. The majority
conversion of carbon to CO, CO: (volatile matter) confirms
that millet cob contains more carbon, in line with the
conclusions of the XPS analysis.

3.3 Surface morphology by SEM of millet cob and water
hyacinth

The SEM images of millet cob and water hyacinth
precursors reveal distinct morphological differences between
the two materials. The millet cob precursor exhibits circular
hexagonal-shaped particles, a structural characteristic that
could promote pore formation during carbon activation. This
feature may enhance the material’s porosity, improving its
adsorption capabilities for various applications. Figure 4
below presents the SEM image (a) and the chemical
composition (b) analyzed by EDS for millet cob.
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(b) EDS

Figure 4: Morphology and chemical composition of millet
cob

The SEM image reveals a regular and compact hexagonal
morphology of millet cob particles, a key advantage for
activated carbon synthesis. This structure provides a highly
organized surface, promoting the formation of a well-
developed porous network after activation. The EDS analysis
indicates a high carbon content (70.9 %), which is beneficial
for optimal activated carbon yield. The presence of oxygen
(17.5 %) suggests the existence of oxygenated functional
groups (-OH, -COOH), influencing the material’s adsorption
properties. The gold detected in the EDS corresponds to a
metallic coating applied to enhance electrical conductivity and
achieve better SEM imaging resolution and is not an intrinsic
component of the material. Lastly, the absence of significant
metallic catalysts limits graphitic crystallization, indicating
that activated carbon derived from millet cob via chemical
activation would be predominantly amorphous.

The SEM analysis of the water hyacinth precursor is
presented in Figure 5. Unlike the millet cob precursor, whose
morphology reveals particles of a predominantly hexagonal
shape, that of the water hyacinth is characterized by particles
with a lamellar morphology, evoking platelet or sheet
structure. Figure 5 indicates that the water hyacinth precursor
exhibits a lamellar and fibrous morphology, characterized by
plates, stacked layers and flat surfaces, revealing a presence of
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lignin and oriented natural fibers. This structural organization
favors the formation of ordered domains during heat treatment,
thanks to the presence of initial planes that facilitate
reorganization into more regular stacks. In addition, the
observation of agglomerated microparticles on the surface
highlights a natural porosity of the material, which optimizes
the development of pores during activation. This SEM analysis
confirms that the precursor has an intrinsically organized
architecture and a morphology conducive to partial
graphitization, thus offering remarkable potential for
applications in carbon materials.

(b) EDS

Figure 5: Morphology and chemical composition of water
hyacinth

The results of the SEM analysis corroborate those of the
XPS analysis, confirming that the millet cob has a higher
carbon content, while the water hyacinth contains a significant
proportion of mineral salts.

34. Thermogravimetric (TG) and derivative
Thermogravimetric (DTG) curves analysis

The thermal degradation through the study of their mass
variations with temperature of the millet cob and the water
hyacinth was achieved over a range of 35°C to 700°C for a
heating rate of 20°C/min.

Figure 6.a and Figure 6.b show, both the TG and DTG
curves for millet cob and water hyacinth, respectively.
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The TG curves of these figures show the mass loss (%)
variation as a function of temperature for millet cob and water
hyacinth, respectively. This is an indication that these biomass
sources can produce active carbon.
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Figure 6:TG and DTG curves at 20°C/min heating rate for
(a) Millet cob; (b) Water hyacinth

Three transitions are observed on the TG curves of the
respective thermal decomposition of both millet cob and water
hyacinth. For millet cob (Figure 6.a), the first transition
corresponds to a mass loss of about 6.60 % between 44°C to
200°C and a 0.32 mg/min maximum loss rate. For water
hyacinth the same trend is observed and a 9.30 % mass loss
between the temperature range of 45°C to 190°C
corresponding to a 0.26 mg/min maximum loss rate. This
initial mass loss could be attributed to water evaporation from
the millet cob and water hyacinth samples. This is in
agreement with some results obtained elsewhere on the
kinetics of pyrolysis which have shown that the elephant grass
exhibited a dehydration phase over the temperature range from
30°C to 100°C [42]. Since the mass loss in this range of
temperature, corresponding to the moisture content in both
samples, is less than 10 %, it can be concluded that millet cob
and water hyacinth are suitable for the pyrolysis reaction and
the carbon production. Both samples were pretreated under the
same conditions, and their mass loss is 6.60 % for millet cob
and 9,30 % for water jacinth. Accordingly, water hyacinth has
a greater capacity for surface moisture retention than millet
because the mass loss of water hyacinth is higher than that of
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millet, but the maximum water loss rate of millet cob (0.32
mg/min) is higher than that of water hyacinth (0.26 mg/min).
Accordingly, millet cob losses more easily its surface water
than water jacinth. This might influence the physical and
chemical properties of carbon produced from these two
biomass sources.

The millet cob second transition corresponds to 63 % mass
loss in the temperature range of 200°C to 400°C. This
transition takes place in two stages, the first stage in the
temperature range of 200°C to 320°C with 37 % mass loss and
a 2.74 mg/min maximum mass loss rate. The second stage
occurs from 320°C to 400°C following 26 % mass loss with
2.22 mg/min maximum loss rate. For water hyacinth, the
second transition corresponds to a 55.40 % mass loss in the
temperature range of 190°C to 455°C. Like for millet cob, this
transition also occurs in two stages, the first in 190°C to 3300C
range with a 23.90% mass loss with 1.07 mg/min maximum
mass loss rate and the second part from 330°C to 385°C
following 31.50 % mass loss with 1.16 mg/min maximum loss
rate. In the range of 200°C to 400°C, the maximum mass loss
rate of millet cob (4.96 mg/min) is higher than that of water
hyacinth (2.23 mg/min). The decomposition peaks of
hemicellulose and cellulose of biomass are in this range of
temperature e.g. 200 0oC-400°C [43]. These results are in
agreement with other results which show that the second
transient phase is at the temperature range 200°C to 365°C [7].
This is also in agreement with another study of the pyrolysis
of date palm biomass which obtained this second transition
over the temperature range of 200°C to 400°C [43]. This is also
confirmed by this other study of the pyrolysis characteristics
of hemicellulose, cellulose and lignin which indicated that the
decomposition peak of hemicellulose is 275°C and that of
cellulose is 355°C [44]. On the other hand, the results obtained
in our work indicate that for this second transition, the
maximum decomposition rate of the hemicellulose and
cellulose of millet cob is higher than that of water hyacinth.
This agrees with the first transition between 30°C and 200°C
where the mass loss was 0.32 mg/min for millet cob which is
higher than 0.26 mg/min for water hyacinth.

In the second transition, mass loss for these two samples is
likely due to the formation of significant volatile materials
such as carbon monoxide (CO) and carbon dioxide (CO2),
resulting from the decomposition of hemicellulose, cellulose,
or parts of lignin. Previous studies have shown that
hemicellulose decomposes easily into volatiles like CO and
COsz. Other research indicates that hemicellulose decomposes
between 220 °C and 315 °C, cellulose between 315°C and 400
°C, and lignin between 180°C and 900°C [38]. The second
transition results reveal that millet cob is primarily hemi
cellulosic, while water hyacinth is predominantly cellulosic.
This is further supported by the fact that the water hyacinth
sample has a harder appearance compared to the millet cob.
Carbon formation begins at around 400°C for millet cob and
at 455°C for water hyacinth. Consequently, carbon yields
decrease beyond 400°C for millet cob and beyond 455°C for
water hyacinth. It has been shown that millet cob has a porous
structure [44]. Its porosity increases from 50 % to 70 % when
the moisture increases from 5 % to 22.5 % and its surface area
increases from 20 mm?2 to 35 mm2 when the moisture
increases from 5% to 22.5 %. This porous structure and low
density of millet cob allow it to be more easily exposed to high
temperatures, thus accelerating its decomposition. In contrast,
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water hyacinth with its denser, more compact structure
undergoes thermal degradation at a slower rate. This variation
in thermal behavior likely affects the physical and chemical
characteristics of the carbon derived from these two biomass
sources.

The third transition occurs over a 400°C to 650°C
temperature range for millet cob with 26 % mass loss and 0.37
mg/min maximum mass loss rate and over a 455°C to 690°C
range, 24.85 % mass loss with a 0.27 mg/min maximum mass
loss rate for water hyacinth. The latter transition could
correspond essentially to the lignin decomposition. This
agrees with the that lignin degrades over a wide temperature
range (100 — 900°C) [44].

Great differences were found among the pyrolysis
behaviors of the three components. Hemicellulose started its
decomposition easily, with the weight loss mainly happened at
220 — 315 °C. It got the maximum mass loss rate (0.95
wt.%/°C) at 268°C, and there was still 20 % solid residue left
even at 900°C. Cellulose pyrolysis was focused on a higher
temperature range (315-400°C) with the maximum weight
loss rate (2.84 wt.%/°C) attained at 355°C. When the
temperature was higher than 400 °C, almost all cellulose was
pyrolyzed with a very low solid residue (6.5 wt.%/C) left.
Among the three components, the lignin was the most difficult
one to decompose. Its decomposition happened slowly under
the whole temperature range from ambient to 900 °C, but at a
very low mass loss rate (less than 0.14 Wt%/°C). The solid
residue left from lignin pyrolysis (45.7 wt.%) was the highest.
The differences in the inherent structures and chemical nature
of the three components possibly account for the different
behaviors observed [45], [46], [47].

The presence of these three transitions for both samples
align with the various products typically obtained within
similar temperature ranges during biomass pyrolysis, as noted
in [44]. In the pyrolysis, biomass undergoes thermal
decomposition into smaller organic components: solid
biochar, condensable vapors (tars and bio-oils), and gases,
usually within the 350°C to 800°C range. The specific
temperature range and decomposition rate depends on several
pyrolysis conditions, including feedstock type, temperature,
heating rate, and pressure [44].

The maximum mass loss rate for millet cob was 17.64
%/min at 310°C, compared to 11.23 %/min at 333°C for water
hyacinth. Overall, the mass loss rate of millet cob is higher
than that of water hyacinth, with the peak rate occurring at a
lower temperature for millet cob. This suggests that the high
density of water hyacinth acts as a retarding factor in its
thermal decomposition, requiring additional energy to
evaporate the water before actual decomposition begins. This
likely explains why millet cob waste decomposes faster, as TG
analysis shows it has less moisture compared to water
hyacinth. Consequently, carbon from millet cob could be
activated at lower temperatures compared to water hyacinth.
Given that millet cob decomposes more rapidly, it might offer
better energy potential in terms of heat release during
pyrolysis. A faster maximum decomposition rate may indicate
higher conversion efficiency to end products such as activated
carbon.
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3.5. KINETIC ANALYSIS OF THE PYROLYSIS OF
THE SAMPLES

3.5.1. Effect of heating rate on the samples

The influence of heating rate on the pyrolysis behavior of
millet cob and water hyacinth samples was investigated by
applying four different rates: 5 °C/min, 10 °C/min, 15 °C/min,
and 20 °C/min. The TG curves in Figure 7 obtained for these
four rates have the same shape, however, they shift to the
right. This is an indication that for a given temperature in the
second and the third transitions, the mass loss increases when
the heating rates increases. As an example, for the millet cob,
at 320°C, the mass loss is around 60 % for 5°C/min and this
mass loss is more than 70 % at 20°C/min. For the same
temperature, the water hyacinth mass loss is around 45 % and
55 % for the heating rate of 5 °C/min and 20 °C/min,
respectively.

This behavior can likely be attributed to the increased
thermal energy imparted to the sample at higher heating rates.
However, elevated heating rates result in shorter residence
times within the pyrolysis chamber, which hinders uniform
heat distribution across the biomass particles. Previous studies
have reported that such conditions lead to thermal gradients
and uneven decomposition within the sample [36].
Consequently, concerns may arise regarding the homogeneity
of the pyrolysis process at high heating rates. One major
drawback is the difficulty in precisely controlling the
sequential release of volatiles, char formation, and ash content
during the three transitional stages of pyrolysis. In contrast,
lower heating rates (5°C/min, 10°C/min) allow for a more
gradual temperature rise, promoting better thermal penetration
and uniform conversion throughout the sample matrix.
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Figure 7: TG curves at four heating rates for (a) millet cob
and (b) Water hyacinth.

Figure 8 represents the millet cob and water hyacinth
Differential TG (DTG) curves. show that the temperature peak
increases with the heating rate. This method gave a
quantification of the moisture, volatile matter (hemicellulose,
cellulose, ...), fixed carbon, and ash by constant weight lines.
The rate of mass loss as indicated by the DTG curves is an
indication of the temperature on the decomposition reactivity
of each material. The maximum weight loss was observed for
millet cob at temperatures 318 °C, 329°C, 338°C and 340°C
respectively at heating rates of 5°C/min, 10°C/min, 15°C/min,
and 20 °C/min. For water hyacinth the peak maximum weight
loss is at 311°C, 322°C, 327°C and 332°C respectively at
heating rates of 5°C/min, 10°C/min, 15°C/min, and 20°C/min.
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(b) Water hyacinth

Figure 8: Differential TG (DTG) curves at the heating
rates of 50C/min, 100C/min, 150C/min and 200C/min for (a)
millet cob and (b) water hyacinth.

Accordingly, the temperature peak of the thermal
decomposition or the thermal degradation increases with the
heating rate. This suggests that the peak temperature obtained
is, of course, highly dependent on the heating rate applied to
the sample, and the type of the sample, during pyrolysis. Also,
the TG curves of the millet cob and the water hyacinth show a
difference at the second transition. At this transition, the TG
curve of the millet cob contains two peaks corresponding to
the degradation of hemicellulose and cellulose respectively.
However, water hyacinth TG curve has only one peak, which
means that there is a superimposed decomposition of
hemicellulose and cellulose. This difference could be
explained by the fact that millet cob contains more lignin
compared to water hyacinth [48]. This is an advantage for
millet cob because lignin contributes to the formation of most
of the solid residues such as carbon during pyrolysis [48].

3.5.2. Kinetic analysis

The kinetic analysis of the millet cob and water hyacinth
pyrolysis was studied from the derivative thermogravimetric
analysis results. DTG curves displayed three peaks
corresponding to three distinct transition phases, with their
maximum temperatures (Ty,) illustrated in Figure 8. From the
three maximum temperatures corresponding to the four
heating rates and using above equation (11) and rewritten
below, we obtain Kissinger plot of millet cob and water
hyacinth (Figure 9).

In (%) =In (]Aa—l:)

dar .
Where: § = p (T and t are the decomposition temperature

E,
R. T,

an

and decomposition time respectively)
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Figure 9: Kissinger plot (In(/Tw?) vs. 1000/T) for (a)
millet cob and (b) water hyacinth.

To determine the Activation Energy (Ea), one must
calculate the slope of the linear fit to this plot, denoted as
—E/R. Multiply this slope by —R to obtain the activation
energy, expressed as: Ea=—(slope)xR.

To determine the activation energy using the KAS method,
we construct the In(B/Ta?) curve as a function of 1000/Ta
(Figure 10). The slope of the resulting linear regression line,
which is equal to —E/R, provides the activation energy (E.)
when multiplied by the gas constant (R). This graphical
approach enables an accurate determination of activation
energy, which is crucial for understanding the thermal
decomposition kinetics of the biomass samples.
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Figure 10: KAS Plot (In(B/T?) vs. 1000/T,) for (a) millet
cob; (b) water hyacinth

Similarly, to determine the activation energy using the
FWO method, we construct the In(p) curve as a function of
1000/T, (Figure 11). The fitting line for this curve will have a
slope of —1.052 (E/R), which also facilitates the deduction of
the activation energy
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Figure 11: FWO plot (In(B) vs. 1000/T«) for (a) millet
cob and (b) water hyacinth

Table 2 presents the activation energy values obtained by the
Kissinger, KAS and FWO methods, these values are
respectively close for each sample. For millet cob sample,
according to Kissinger, KAS and FWO methods we obtain an
average activation energy of 181 kJ/mol, 198 kJ/mol and 208
kJ/mol respectively. For water hyacinth, Kissinger, KAS, and
FWO methods yielded 179 kJ/mol, 203 kJ/mol, and 210
kJ/mol, respectively. In the literature, the error of the
activation energy is 2.5 % for cotton stalk, 3.2 % for
sugarcane bagasse, 1.6 % for wheat straw [49]. The same
range of errors can be applied in the present studies. The
authors [50] in their study of activation energy by
thermogravimetric analysis in an approach to using
agricultural waste fibres in bio-composites application found
an average active energy value of 132.6 kJ/mol for sugarcane
bagasse, 200.50 kJ/mol for coconut husks, 157.1 kJ/mol for
pineapple leaf, and 136.7 kJ/mol for banana pseudo stem.
Also, authors [26] in their study on the pyrolysis kinetics of
apple pomace as waste biomass from thermogravimetric
found a mean value of active energy from FWO and KAS
methods respectively 213.0 and 201.7 kJ/mol.

To determine the pre-exponential factor A in kinetic studies,
methods such as Kissinger, KAS, and FWO are commonly
applied. Each method involves plotting specific temperature-
related terms against the inverse temperature at different
heating rates. For all the three methods, by obtaining E, from
the slope and using the intercept, the pre-exponential factor A
is calculated for each method, giving insights into the
frequency of successful collisions that lead to decomposition.
The pre-exponential factor A is calculated using the
following relation: A = eftereert,

Accordingly, the activation energy values obtained by the
KAS method are close to those obtained for the FWO method.
These activation energies values are slightly higher than the
values obtained by the Kissinger method. For a given method,
the activation energy obtained from the pyrolysis of millet cob
is like that obtained for the water hyacinth. This might be an
indication that the decomposition kinetics of both samples are
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similar. This is supported by the pre-exponential factor values
which are similar for both samples for the same method of
analysis. The pre-exponential factor values increase from
Kissinger method (1015) to KAS method (1023) and to FWO
method (1030). This indicates that the successful collisions
that lead to decomposition is obtained using the FWO method.
We may argue that FWO method followed by the KAS method
might be the best methods to characterise the decomposition
mechanism of a such complex system. This agrees with the
results obtained elsewhere on the kinetic studies of the
decomposition of other biomass samples based on rice straw
[46]. We also notice an average regression coefficient (R2)
value close to 1, which indicates fitting lines good accuracy.

Table 2: Activation energy, pre-exponential factor and
regression coefficient (R2) by Kissinger, KAS and FWO for
millet cob and water hyacinth

E, A

Sample Method (kJ m;]_|) (min-") R?
- MC Kissinger 181 1.8 x 10'3 0.98
KAS 198 3.7 x 1023 0.85

FwWO 208 9.6 x 10* 0.87

WH Kissinger 178 6.0 = 10" 0.97
EAS 203 3.4 x 108 0.91

FWO 210 1.0 = 10% 0.92

Figure 12 shows the variation of activation energy (Ea) as a
function of conversion for millet cob (a) and water hyacinth
(b) during pyrolysis, as calculated by the KAS and FWO
methods. The curves for both samples exhibit a similar pattern,
although a slight stability is observed in the case of millet cob.
This indicates a more consistent kinetic behavior for millet cob
compared to water hyacinth during pyrolysis. Such insights are
crucial for optimizing pyrolysis processes and improving the
efficiency of bioenergy production from these biomass
sources.
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Figure 12: Variation of Ea with conversion factor for (a)
millet cob and (b) water hyacinth.

The plots reveal that the activation energy strongly depends
on the conversion factor, suggesting that pyrolysis for both
samples is a multi-step process involving several overlapping
reactions.

At the early stages of conversion (5 % < a < 15 %), both
samples exhibit a pronounced peak in activation energy,
indicating the onset of volatile release as the biomass begins
to thermally decompose. This initial peak corresponds to the
formation of large amounts of volatile compounds, which
requires significant energy. After this peak, a notable decrease
and stabilization of activation energy values is observed,
reflecting the breakdown of weaker molecular bonds and the
progressive degradation of volatile compounds.

A second peak in activation energy is observed between 55
and 75 % conversion, which corresponds to the primary
degradation phase of lignin, a biomass component that
decomposes at higher temperatures and requires more energy
to decompose. This peak reflects the increased energy demand
associated with lignin's complex structure and resistance to
thermal decomposition. After 75 % conversion, the
activation energy gradually decreases and stabilizes,
indicating the final stages of pyrolysis. In this phase, most of
the volatile compounds have been released and the reaction
progresses toward the formation of a stable carbonaceous
residue (biochar). This stabilization suggests minimal further
reaction as the remaining material undergoes char formation
with a lower energy demand.

Overall, the distinct activation energy peaks and patterns
reflect the complex thermal behavior of biomass pyrolysis,
with different components decomposing at different stages and
requiring varying energy levels for bond dissociation and mass
loss.

3.6. TG and Kinetic analysis of the mixture of millet cob
and water hyacinth

To better understand the thermal behavior and degradation
kinetics of millet cob and water hyacinth, a mixture was
prepared with equal parts (50 % by mass) of the two
biomasses. The same tests as those carried out previously were
applied to this mixture to evaluate its decomposition profile.
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The figure below illustrates the curves corresponding to the
mass loss (a) as well as the derivative of the mass loss (b).
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Figure 13: Curves at the heating rates of 5 °C/min, 10
°C/min, 15 °C/min and 20 °C/min for mixture of millet cob
and water hyacinth

Just like millet cob and water hyacinth individually, the
thermogravimetric analysis (TGA) curve of their mixture
displays three distinct transitions. The first transition,
corresponding to water evaporation, results in a mass loss of
approximately 6 % over a temperature range from 25 °C to 192
°C. The second transition, associated with the main
decomposition phase, leads to a total mass loss of 59 %
between 192 °C and 410 °C. This phase is divided into two
stages, as is the case for the individual materials: from 192 °C
to 336 °C, with a 26 % mass loss, and from 336 °C to 438 °C,
with a further 33 % loss. The third transition, linked to the final
degradation stage, causes a 15 % mass loss between 438 °C
and 665 °C. The maximum decomposition temperatures of the
millet cob—water hyacinth mixture are slightly higher than
those of the materials analyzed separately, suggesting a
thermal interaction that influences their degradation behavior.
Furthermore, the presence of a significant amount of residual
matter (ash) indicates a transformation process that may affect
the stability and final composition of the residues.



Kinetic and thermogravimetric analysis of millet cob or water hyacinth pyrolysis to produce bio sources.../ J. New Mat. Electrochem. Systems

The kinetic study of the millet cob and water hyacinth
mixture was conducted under the same experimental
conditions as those applied to the individual samples. The
fitting curves were established using the Kissinger, KAS, and
FWO methods, allowing for the determination of the kinetic
parameters of the mixture. The figure below shows the fitted
lines obtained respectively using the Kissinger method (a), the
FWO method (b), and the KAS method (c).
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Figure 14: Plots of In(B) vs. 1000/Ta for (a) Kissinger,
(b) KAS and (c) FWO models. for the mixture of millet cob-
water hyacinth
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The activation energy and pre-exponential factor values for
the millet cob—water hyacinth mixture were determined using
three kinetic methods: Kissinger, KAS, and FWO. The results
obtained show a high degree of similarity across all three
approaches, with slightly higher values compared to those
calculated for millet cob and water hyacinth when analyzed
individually. The table below presents the activation energy
and pre-exponential factor values corresponding to the studied
mixture.

Table 3: Activation energy, and pre-exponential factor of
millet cob and water hyacinth mixture

Rissinger method KAS method FWO method
Sample. E A | E A ;| E A .
(klmol)| (/) (klmol)| (/min) (k)mol)| (/mun)
MC + . .
. 195 (6.4 10"(099) 211 [46x107070] 204 |87 x 107|073
WH

These findings highlight the complexity of the thermal
reactions within the mixture, suggesting specific interactions
between its components that influence the kinetics
degradation. The blend combines two distinct biomasses:
millet cob, which is rich in lignin and cellulose, and water
hyacinth, which contains higher levels of hemicellulose and
mineral substances. As a result, the mixture forms a more
heterogeneous and intricate network, characterized by less
uniform molecular interactions. This behavior indicates that
the degradation of the millet cob—water hyacinth mixture does
not simply reflect the additive behavior of its individual
components. Instead, synergistic effects appear to alter the
thermal degradation pathways, making the mixed system more
resistant to pyrolysis. This may explain the slight increase
observed in both the activation energy and the pre-exponential
factor.

4. DISCUSSION

The results obtained from the various thermal, kinetic, and
morphological analyses of water hyacinth and millet cob
precursors provide insights into the mechanisms leading to the
formation of amorphous or crystalline carbon structures upon
activation.

The proximate analysis reveals that millet cob has a higher
volatile matter content (72.1 %) and lower ash content (5.5 %)
compared to water hyacinth (68.9 % volatile, 8.9 % ash). This
difference suggests a more intense decomposition and an
abundant release of volatile gases during pyrolysis, enabling
more aggressive activation of the material. The high gas
release enhances pore formation, but may also disrupt atomic
order, limiting crystalline domain formation. In contrast, the
higher ash content in water hyacinth, due to its aquatic nature
rich in mineral salts, may act as a catalyst for structural
reorganization, promoting some degree of crystallinity.

XPS analysis indicates that activated carbon from millet cob
has a slightly more graphitic surface (10 % sp?) with less
surface oxidation compared to water hyacinth (5% sp?).
However, water hyacinth contains more oxygenated
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functional groups and mineral elements (K, N, Cl), enhancing
its chemical reactivity. These structural and chemical
differences influence the conductivity, adsorption, and
functionalization properties of the carbon materials during
synthesis.

Thermogravimetric curves reveal that carbon formation
begins at lower temperatures for millet cob (~400°C)
compared to water hyacinth (~455°C), indicating a faster
decomposition of organic components such as hemicellulose
and cellulose in millet cob. However, this rapid decomposition
often leads to a disordered atomic structure, contributing to the
formation of amorphous carbon after activation. Conversely,
the gradual thermal degradation of water hyacinth (volatile
formation from 190°C to 455°C, followed by lignin
decomposition up to 690°C) promotes slow and orderly
carbonization, allowing partial graphitic domain development.
Additionally, the presence of lignin, suggested by the lamellar
morphology observed via SEM, supports the formation of
rigid and more ordered carbon structures. Since the lignin of
water hyacinth is thermally stable, its slow transformation at
high temperatures facilitates carbon crystallization during
activation.

The thermogravimetric curves indicate that carbon
formation starts at 400 °C for millet cob and 455 °C for water
hyacinth, with degradation stabilizing at 650 °C for millet cob
and 690 °C for water hyacinth. Therefore, for activated carbon
synthesis following chemical method, the heating rate should
be selected between 5 °C/min and 10°C/min, with
carbonization temperatures reaching up to 700°C. The slightly
higher activation energies observed for water hyacinth (up to
210 kJ/mol using the FWO method, compared to 208 kJ/mol
for millet cob) indicate greater thermal resistance, which could
also contribute to the formation of more ordered carbon
structures under prolonged activation conditions.

The heterogeneous network formed by blending millet cob
and water hyacinth requires greater energy input to initiate the
thermal degradation of the combined system, resulting in a
higher activation energy. During heating, the intermediate
products generated from the decomposition of water hyacinth
may interact with the more stable carbon chains of millet cob.
These interactions can delay certain reactions or induce
transient stabilization effects, thereby requiring additional
energy to sustain decomposition. Furthermore, the mixture
exhibits a wider variety of chemical bonds, which increases
the number of possible reaction pathways. This leads to a
greater number of potential effective collisions, ultimately
contributing to a higher pre-exponential factor.

SEM images further support these findings. The millet cob
precursor exhibits regularly shaped particles, sometimes
hexagonal, with a compact structure. This compactness may
limit structural rearrangements during carbonization,
reinforcing the formation of amorphous carbon, despite the
development of porosity. In contrast, water hyacinth presents
a lamellar morphology, with sheet-like structures and flat
surfaces, characteristic of lignin-rich plant fibers. This spatial
arrangement facilitates carbon sheet stacking during pyrolysis
and activation, aiding in the formation of ordered domains like
graphite. EDS analysis further confirms these distinctions.
Although both materials have high carbon content, the
presence of minerals in water hyacinth (Na, Ca, K) may act as
a catalyst, facilitating the formation of crystalline structures at
high temperatures.
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Overall, findings from thermal, morphological, chemical,
and spectroscopic analyses clearly demonstrate that the
structural properties of synthesized activated carbon depend
significantly on the nature of the plant precursor. Activated
carbon derived from water hyacinth is likely to exhibit
partially crystalline characteristics, driven by slow thermal
degradation, a lamellar morphology conducive to ordered
stacking, and surface minerals acting as graphitization
catalysts. Conversely, activated carbon from millet cob is
expected to display a predominantly amorphous structure,
resulting from rapid carbonization, a less functionalized
surface, and a compact morphology unfavorable to crystalline
organization.

5. CONCLUSIONS

This study investigated millet cob and water hyacinth as
potential precursors for activated carbon for utilization as
lithium-ion battery electrodes. Comprehensive
characterization through thermogravimetric, pyrolysis,
decomposition kinetics, SEM, EDS, and XPS analyses
revealed distinct properties for each biomass.

Millet cob demonstrated high volatile matter and fixed
carbon content, along with low moisture and ash levels,
suggesting favorable activated carbon yield and porosity
developed with reduced pre-drying energy requirements. XPS
analysis indicated a carbon-rich, slightly graphitic (~10 % sp?)
surface with limited functionalization. In contrast, water
hyacinth exhibited a more functionalized and oxidized surface,
despite its low sp? carbon content (~5 %), enhancing its surface
adsorption and electrochemical doping potential. Chemical
activation with KOH at 700°C could further improve water
hyacinth’s graphitization due to its inherent mineral content,
acting as a catalyst for carbon structural ordering. SEM
revealed key morphological differences: millet cob displayed
a compact, granular structure, while water hyacinth exhibited
a fibrous, lamellar morphology, influencing porosity and
graphitic structure formation upon activation.

Thermogravimetric analysis of a millet cob—water hyacinth
mixture showed altered thermal behavior compared to
individual biomasses, with higher decomposition temperatures,
broader mass loss profiles, and increased residual ash. These
findings suggest synergistic interactions that enhance thermal
stability and modify degradation kinetics, making the mixture
more resistant to pyrolysis. The higher activation energy and
pre-exponential factor indicate complex reaction kinetics,
highlighting that the mixture behaves as an integrated system
rather than a simple combination of individual components.

Activated carbon from millet cob is expected to be
predominantly amorphous due to rapid decomposition and
compact morphology, whereas water hyacinth-derived carbon
may develop a partially crystalline structure, aided by slower
carbonization, sheet-like morphology promoting stacking, and
catalytic mineral content. These insights provide valuable
guidance for optimizing biomass selection and processing
conditions for high-performance electrode materials.

The kinetic studies also showed the consistency of the
Kissinger, KAS and FWO methods whose activation energies
are respectively 181 kJ/mol, 198 kJ/mol and 208 kJ/mol for
millet cob and 189 kJ/mol, 203 kJ/mol and 210 kJ/mol for
water hyacinth.; and 195 kJ/mole for the mixture of millet cob
and water hyacinth.
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The high value of the preexponential factor of the pyrolysiis
of the mixture of Millet cob-water hyacinth compare to those
of millet cob and water hyacinth, respectively, is an indication
of the resistance of the mixture to thermal decomposition.

All thermogravimetric results and the carbon composition
of millet cob and water hyacinth show that these samples have
a good potential for the synthetization of active carbon used as
active materials support for Li-ion batteries applications

ACKNOWLEDGMENT

We thank the National Science and Engineering Research

Council of Canada (NSERC) (RGP20002705) for the financial.

REFERENCES

[1] S. Pang, "Advances in thermochemical conversion
of woody biomass to energy, fuels and chemicals,"
Biotechnology advances, vol. 37, no. 4, pp. 589-
597, 2019.

[2] E. Sermyagina, J. Saari, J. Kaikko, and E.
Vakkilainen, "Hydrothermal carbonization of
coniferous biomass: Effect of process parameters
on mass and energy yields," Journal of Analytical
and Applied Pyrolysis, vol. 113, pp. 551-556, 2015.

[3] M. Wilk and A. Magdziarz, "Hydrothermal
carbonization, torrefaction and slow pyrolysis of
Miscanthus giganteus," Energy, vol. 140, pp. 1292-
1304, 2017.

[4] Z. Liu, A. Quek, S. K. Hoekman, and R.
Balasubramanian, "Production of solid biochar fuel
from waste biomass by hydrothermal
carbonization," Fuel, vol. 103, pp. 943-949, 2013.

[5] R. Azargohar, S. Nanda, J. A. Kozinski, A. K.
Dalai, and R. Sutarto, "Effects of temperature on
the physicochemical characteristics of fast pyrolysis
bio-chars derived from Canadian waste biomass,"
Fuel, vol. 125, pp. 90-100, 2014.

[6] H. Sun, W. C. Hockaday, C. A. Masiello, and K.
Zygourakis, "Multiple controls on the chemical and
physical structure of biochars," Industrial &
Engineering Chemistry Research, vol. 51, no. 9, pp.
3587-3597, 2012.

[7] S. Ceylan and Y. Topgu, "Pyrolysis kinetics of
hazelnut husk using thermogravimetric analysis,"
Bioresource technology, vol. 156, pp. 182-188,
2014.

[8] G. Shelke and A. Chavan, "Improvement of
agronomicaly desirable genotypes for downy
mildew disease resistance in Pearl millet
[Pennisetum glaucum (L.) R. Br.] By recombination
breeding," Journal of Ecobiotechnology, 2010.

[9] M. Hamadou, S. Idrissa, C. Mahamadou, S.
Oumarou, and K. Valentin, "Potentialités
fourragéres du mil (Pennisetum glaucum (L.) R.
Br): Revue de littérature," Journal of Animal &
Plant Sciences, vol. 34, no. 2, pp. 5424-5447, 2017.

[10] T. R. Téllez, E. Lopez, G. L. Granado, E. A. Pérez,
R. M. Lopez, and J. M. S. Guzman, "The water
hyacinth, Eichhornia crassipes: an invasive plant in

208

[11]

[12]

[13]

[14]

[16]

[17]

(18]

[19]

[20]

[21]

(23]

[24]

the Guadiana River Basin (Spain)," Aquatic
Invasions, vol. 3, no. 1, pp. 42-53, 2008.

P. Manimaran, P. Senthamaraikannan, M. Sanjay,
M. Marichelvam, and M. Jawaid, "Study on
characterization of Furcraea foetida new natural
fiber as composite reinforcement for lightweight
applications," Carbohydrate polymers, vol. 181, pp.
650-658, 2018.

S. Rezania, M. Ponraj, M. F. M. Din, A. R. Songip,
F. M. Sairan, and S. Chelliapan, "The diverse
applications of water hyacinth with main focus on
sustainable energy and production for new era: An
overview," Renewable and Sustainable Energy
Reviews, vol. 41, pp. 943-954, 2015.

J. Cifuentes and L. O. Bagnall, "Pressing
characteristics of waterhyacinth," 1976.

K. Srinivasan, M. Ponmariappan, S. Yashwhanth, S.
Akshay, and Y.-C. Hu, "Study of raw and
chemically treated Sansevieria ehrenbergii fibers
for brake pad application," Materials Research
Express, vol. 7, no. 5, p. 055102, 2020.

R. J. Evans and T. A. Milne, "Molecular
characterization of the pyrolysis of biomass,"
Energy & Fuels, vol. 1, no. 2, pp. 123-137, 1987.
P. Gabbott, Principles and applications of thermal
analysis. John Wiley & Sons, 2008.

G. Mishra and T. Bhaskar, "Non isothermal model
free kinetics for pyrolysis of rice straw,"
Bioresource technology, vol. 169, pp. 614-621,
2014.

G. K. Gupta and M. K. Mondal, "Kinetics and
thermodynamic analysis of maize cob pyrolysis for
its bioenergy potential using thermogravimetric
analyzer," Journal of Thermal Analysis and
Calorimetry, vol. 137, no. 4, pp. 1431-1441, 2019.
V. Dhyani, J. Kumar, and T. Bhaskar, "Thermal
decomposition kinetics of sorghum straw via
thermogravimetric analysis," Bioresource
technology, vol. 245, pp. 1122-1129, 2017.

J. K. Sarkar and Q. Wang, "Characterization of
pyrolysis products and kinetic analysis of waste jute
stick biomass," Processes, vol. 8, no. 7, p. 837,
2020.

I. Ali, H. Bahaitham, and R. Naebulharam, "A
comprehensive kinetics study of coconut shell
waste pyrolysis," Bioresource technology, vol. 235,
pp. 1-11,2017.

Z. B. Laouge and H. Merdun, "Kinetic analysis of
Pearl Millet (Penissetum glaucum (L.) R. Br.) under
pyrolysis and combustion to investigate its
bioenergy potential," Fuel, vol. 267, p. 117172,
2020.

H. Huang, J. Liu, H. Liu, F. Evrendilek, and M.
Buyukada, "Pyrolysis of water hyacinth biomass
parts: Bioenergy, gas emissions, and by-products
using TG-FTIR and Py-GC/MS analyses," Energy
Conversion and Management, vol. 207, p. 112552,
2020.

B. Khiari, M. Massoudi, and M. Jeguirim,
"Tunisian tomato waste pyrolysis:
thermogravimetry analysis and kinetic study,"



Oumarou Savadogo, Wend-Waoga Anthelme Zemane/ J. New Mat. Electrochem. Systems

[25]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[38]

[39]

Environmental Science and Pollution Research,
vol. 26, no. 35, pp. 35435-35444, 2019.

E. L. Mui, W. Cheung, V. K. Lee, and G. McKay,
"Kinetic study on bamboo pyrolysis," Industrial &
engineering chemistry research, vol. 47, no. 15, pp.
5710-5722, 2008.

M. B. Guerrero ef al., "Thermogravimetric study on
the pyrolysis kinetics of apple pomace as waste
biomass," International Journal of Hydrogen
Energy, vol. 39, no. 29, pp. 16619-16627, 2014.
H.-H. Bui, K.-Q. Tran, and W.-H. Chen, "Pyrolysis
of microalgae residues—a kinetic study,"
Bioresource technology, vol. 199, pp. 362-366,
2016.

I. Wauton and S. Ogbeide, "Determination of the
activation energy of water hyacinth (Eichornia
crassipes) pyrolysis," International Journal of
Green Energy, vol. 16, no. 15, pp. 1571-1576, 2019.
A. S. f. Testing and Materials, Standard Test
Method for Moisture Analysis of Particulate Wood
Fuels. ASTM International, 2019.

A. Standard, "Standard test method for CBR
(California Bearing Ratio) of laboratory-compacted
soils," ASTM International, West Conshohocken,
P4, vol. 10, 2007.

A. E872-82, "Standard test method for volatile
matter in the analysis of particulate wood fuels," ed:
ASTM International West Conshohocken, PA,
2013.

A. C. D.-o. Coal and Coke, Standard test methods
for proximate analysis of the analysis sample of
coal and coke by instrumental procedures. ASTM
International, 2009.

P. Basu, Biomass gasification, pyrolysis and
torrefaction: practical design and theory. Academic
press, 2018.

A. Ounas, A. Aboulkas, A. Bacaoui, and A.
Yaacoubi, "Pyrolysis of olive residue and sugar
cane bagasse: non-isothermal thermogravimetric
kinetic analysis," Bioresource technology, vol. 102,
no. 24, pp. 11234-11238, 2011.

J. H. Flynn and L. A. Wall, "A quick, direct method
for the determination of activation energy from
thermogravimetric data," Journal of Polymer
Science Part B: Polymer Letters, vol. 4, no. 5, pp.
323-328, 1966.

S. Vyazovkin and N. Sbirrazzuoli, "Isoconversional
kinetic analysis of thermally stimulated processes
in polymers," Macromolecular Rapid
Communications, vol. 27, no. 18, pp. 1515-1532,
2006.

L. Mu, J. Chen, H. Yin, X. Song, A. Li, and X. Chi,
"Pyrolysis behaviors and kinetics of refining and
chemicals wastewater, lignite and their blends
through TGA," Bioresource Technology, vol. 180,
pp. 22-31, 2015.

A.A.D. Maia and L. C. de Morais, "Kinetic
parameters of red pepper waste as biomass to solid
biofuel," Bioresource technology, vol. 204, pp. 157-
163, 2016.

H. E. Kissinger, "Variation of peak temperature
with heating rate in differential thermal analysis,"

209

[42]

[43]

[44]

[46]

[47]

[48]

[49]

[50]

Journal of research of the National Bureau of
Standards, vol. 57, no. 4, pp. 217-221, 1956.

T. Akahira, "Trans. Joint convention of four
electrical institutes," Res. Rep. Chiba Inst. Technol.,
vol. 16, pp. 22-31, 1971.

T. Ozawa, "A new method of analyzing
thermogravimetric data," Bulletin of the chemical
society of Japan, vol. 38, no. 11, pp. 1881-1886,
1965.

R. M. Braga, T. R. Costa, J. C. Freitas, J. M. Barros,
D. M. Melo, and M. A. Melo, "Pyrolysis kinetics of
elephant grass pretreated biomasses," Journal of
Thermal Analysis and Calorimetry, vol. 117, pp.
1341-1348, 2014.

H. H. Sait, A. Hussain, A. A. Salema, and F. N. Ani,
"Pyrolysis and combustion kinetics of date palm
biomass using thermogravimetric analysis,"
Bioresource Technology, vol. 118, pp. 382-389,
2012.

H. Yang, R. Yan, H. Chen, D. H. Lee, and C.
Zheng, "Characteristics of hemicellulose, cellulose
and lignin pyrolysis," Fuel, vol. 86, no. 12-13, pp.
1781-1788, 2007.

H. Yang, R. Yan, H. Chen, C. Zheng, D. H. Lee,
and D. T. Liang, "In-depth investigation of biomass
pyrolysis based on three major components:
hemicellulose, cellulose and lignin," Energy &
fuels, vol. 20, no. 1, pp. 388-393, 2006.

P. McKendry, "Energy production from biomass
(part 1): overview of biomass," Bioresource
technology, vol. 83, no. 1, pp. 37-46, 2002.

T. R. Rao and A. Sharma, "Pyrolysis rates of
biomass materials," Energy, vol. 23, no. 11, pp.
973-978, 1998.

J. Akhtar and N. S. Amin, "A review on operating
parameters for optimum liquid oil yield in biomass
pyrolysis," Renewable and Sustainable Energy
Reviews, vol. 16, no. 7, pp. 5101-5109, 2012.

J. Cai, W. Wy, R. Liu, and G. W. Huber, "A
distributed activation energy model for the
pyrolysis of lignocellulosic biomass," Green
Chemistry, vol. 15, no. 5, pp. 1331-1340, 2013.

M. S. Alwani, H. A. Khalil, O. Sulaiman, M. N.
Islam, and R. Dungani, "An approach to using
agricultural waste fibres in biocomposites
application:thermogravimetric analysis and
activation energy study," BioResources, vol. 9, no. 1,
pp. 218-230, 2014.



	1. Introduction
	3.5. Kinetic analysis of the pyrolysis of the samples
	4. DISCUSSION
	5. CONCLUSIONS
	acknowledgment

