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Abstract: The pyrolysis process of coconut residue and the activated carbon was investigated using
thermogravimetric analysis in the range of 25 to 900 ◦C, with three altered heating rates: 3, 5, and
10 ◦C/min. The results of the thermal decomposition showed that it occurred in three distinct phases:
dehydration, active pyrolysis, and passive pyrolysis. The derivative thermogravimetric analysis
indicated that increasing the heating rate led to a shift in the maximum weight loss rate towards
higher temperatures. To better understand the kinetics constraints, the Coats–Redfern method was
applied to determine the activation energy (Ea) and the frequency factor (A). The activation energies
for the pyrolysis process varied between 159.57 and 177.45 kJ/mol for RCR and from 132.62 to
147.1 kJ/mol for ACCR at different heating rates. Additionally, the physical properties of the samples
were investigated using techniques like scanning electron microscopy and the Brunauer–Emmett–
Teller surface analysis. The findings of the study demonstrated that the activation energies of the
activated carbon were lower than those of the original biomass. Furthermore, the activation energy
values achieved from the D1–D4 models were considered reliable, indicating that the D model
was more suitable compared to other models for describing the pyrolysis process and predicting
its kinetics.

Keywords: activated carbon; adsorption; kinetics; Coats–Redfern

1. Introduction

Biomass has played a crucial role in supporting life on the Earth, serving as a source of
food, heat for cooking and buildings, and energy for industries for centuries [1]. However,
with the rise of fossil fuels, which include sources like coal, oil, and gas, biomass was
largely overshadowed. The increased emissions of greenhouse gases, particularly carbon
dioxide, have shifted the focus back to biomass [2]. Unlike fossil fuels, biomass releases
carbon dioxide during combustion but absorbs the released CO2 again via photosynthesis,
making it a renewable and carbon-rich energy source [3].

In the pursuit of renewable and sustainable energy sources, biomass has gained global
attention as a potential replacement for fossil fuels. Kinetic modeling plays a significant role
in converting biomass into energy and valuable products through thermal degradation [4].
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Pyrolysis, one of the degradation processes of biomass, has received considerable interest
due to its importance. Furthermore, these technologies offer a promising way to utilize
agricultural and forestry residues, making them highly attractive for energy production [5].

Thermogravimetric analysis (TGA), which measures changes in sample weight with
increasing temperature, provides valuable kinetic parameters for biomass degradation.
These parameters include the activation energy, pre-exponential factor, and the order
of reaction [6]. Thermal investigation indicates that activation energy is a crucial factor
controlling reactivity and influencing reaction rates, while the pre-exponential factor is
associated with the material’s structure. Thus, the reactivity of biomass is assessed through
activation energy [7]. However, the kinetic constraints are influenced by operational
conditions such as sample size, heating rate, moisture content, and heating medium. In the
scientific literature, there are numerous approaches detailed for determining the activation
energy and pre-exponential factors, making direct comparisons challenging [6].

Several studies have investigated the kinetic properties of biomass. Zakrzewski’s [8]
study provides detailed kinetic parameters for the pyrolysis of pine particles, including
activation energies ranging from 91.8 to 175.8 kJ/mol and pre-exponential factors between
91.8 to 175.8 kJ/mol and 4.7 × 105 to 7.2 × 101 min−1. These values are higher compared
to some other biomasses, indicating more energy-intensive decomposition. Understanding
these parameters helps in optimizing pyrolysis processes by adjusting heating rates, reactor
design, and energy input to achieve efficient and cost-effective biomass conversion. Gao [9]
examined and compared studies on similar feedstocks (rice straw) to assess how different
additives influence activation energy and decomposition kinetics in the presence of O2 and
N2. The literature study indicates that the activation energy of the biomass was found to
be inferior 74 kJ/mol compared to briquette 126 kJ/mol. Reina et al. [10] examined the
thermogravimetric properties of forest wood through dynamic and isothermal procedures
in an inert environment. Different heating rates, from 5 to 100 ◦C/min, were used in dy-
namic experiments. The activation energies obtained were 130.1, 136.20, and 128.0 kJ/mol,
with 1.89 × 107, 3.40 × 107, and 1.24 × 107 s−1 pre-exponential factors [10]. Deka et al. [11]
analyzed three types of hardwood, using thermogravimetric in the presence of nitrogen,
employing heating rates of 20–30 ◦C/min, in the temperature range 30–650 ◦C. Overall,
these studies contribute to our understanding of the kinetic properties of biomass and
indicate its significant promise as a renewable energy source.

The aim of this investigation was to conduct a new study focused on the production
of activated carbon for use as an adsorbent in the removal of dyes from wastewater. This
topic was previously discussed in our earlier papers [6,12]. In addition, we aimed to
investigate the kinetics of the thermal decomposition of both the raw biomass and the
activated carbon by employing thermogravimetric analysis using different heating rates
to enable a comparative analysis of the thermal behavior under an inert atmosphere. The
experimental data at various heating rate are correlated to the achieved activation energy
and the coefficients corresponding to different solid conversions.

2. Experimental
2.1. Raw Materials

The coconut residue was crushed and constantly heated for 8 h at high temperatures
in an oxygen-free environment, yielding a carbon product. The carbon was leached with
a 0.2 N nitric acid and hydrochloric acid solution in 1:1 and left for 24 h at 25 ◦C with
regular mixing. The sample was washed until it became neutral. The samples were further
activated with n-hexane to remove organic content.

The biomass waste of the coconut residue (RCR) and activated carbon (ACCR), which
were prepared from the corresponding biomass, were selected for the kinetic study. Table 1
presents data related to the proximate and ultimate analysis of the samples. These samples
were processed by grinding and passing through a mesh with a size range of 70–170, and
they were subsequently dried at a temperature of 80 ◦C for a duration exceeding 5 h.
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Table 1. Proximate and ultimate analysis of WC and CS.

Biomass
Sample

Proximate Analysis (wt. %) Ultimate Analysis (wt.%, daf)
CV (MJ/Kg, db)

Aad Vdaf FCdaf * C H O * N S

RCR 5.35 92.8 20.7 51.9 6.21 47.9 3.87 1.77 20.9
ACCR 0.72 72.4 12.4 34.5 6.00 39.4 2.04 0.95 11.5

* Calculated by difference A = ash content, V = volatile matter, FC = fixed carbon.

2.2. Pyrolysis through TGA

The samples of the activated carbon and raw biomass were subjected to thermal degra-
dation analysis using a TA instrument SDT Q600 thermogravimetric analyzer (New Castle,
DE, USA). The mass loss of the samples was measured with a perseverance of 0.1 mg as
a function of temperature. A sample of 5 to 10 mg was placed in a TGA microbalance.
The temperature was increased from 25 to 900 ◦C at an altered heating rate of 3, 5, and
10 ◦C/min in the presence of an inert atmosphere. These heating rates were chosen to en-
sure that thermal degradation occurred at low or moderate rates, minimizing any potential
heat transfer effects [13]. To create an inert atmosphere and prevent oxidative degradation,
highly pure nitrogen gas was injected into the furnace at a flow rate of 100 mL/min at 25 ◦C
and atmospheric pressure. Before each run, nitrogen gas was introduced into the furnace
for 10 to 15 min to establish the inert atmosphere.

The loss of biomass, observed as the TG curve, was measured using an electronic scale
in conjunction with the linearly increasing furnace temperature. The crucible temperature,
representing the actual temperature of the solid, was monitored using a thermocouple
attached to the crucible surface. This allowed for the determination of the exothermic and
endothermic nature of the pyrolysis reaction. The mass loss (TG curve) was obtained by
subtracting the recorded mass variation on the electronic scale at a given heating rate. To
analyze the derivative thermogravimetric analysis (DTG) curve specific to the sample, the
TG curve was differentiated without any smoothing correction of the data. It is important
to note that this approach may introduce some deviations when estimating the kinetic
parameters [14,15]. In order to ensure precision and consistency of the collected data,
parallel blank runs were conducted, and all observations were recorded in triplicate, with
average values reported.

2.3. Kinetic Studies

Kinetic studies of the pyrolysis of raw and activated carbon determined the conse-
quences of temperature and time of reaction on the degradation process. Pyrolysis is a very
complex procedure, but some scholars [4,16] have estimated the degradation process in
one reaction.

The equation belonging to the kinetic reaction is as follows:

dα
dt

= kf(α) (1)

where (k) is the rate constant (min−1), α is known as the degree of conversion, and η is the
order of reaction. The degree of conversion α can be stated as follows:

α =
wo − w

wo − w∞
× 100% (2)

(w) indicates the weight of the biomass at time (t), with Wo and W∞, which indicate
the preliminary and final weight in the reaction.

Arrhenius’s equation was used to calculate the activation energy.

k = Aexp
(
−E
RT

)
(3)
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R indicates the universal gas constant which is equal to (8.314 J K−1 mol−1), (A) is
known as a pre-exponential factor, whereas (E) determines the activation energy (kJ mol−1).

β indicates the constant heating rate at temperature (T), changed with respect to
time (t).

β = dT/dt (4)

Rearrange Equation (1)

dα
dT

=
A
β

exp
(
− E

RT

)
f(α) (5)

G(α) =
∫ α

0

dα
f(α)

=
∫ T

0

A
β

exp
(
− E

RT

)
dT =

A
β

1(E, T) =
AE
βR

P(x) (6)

Here, E
RT and P(x) symbolize the temperature integral

P(x) =
∫ ∞

x
−exp(−x)

x2 dx (7)

It is verified that the thermal condition is independent of the experiments; the kinetic
constraints (A) and (E) are accessible through Equation (7), depending on the integral from
the Equation (5).

Coats–Redfern Method

The Coats–Redfern method is a technique used to determine kinetic parameters, such
as activation energy, by analyzing a single thermogravimetric (TG) curve. This method
involves mathematical operations that include integration and logarithms [17].

ln
[
− ln(1 − α)

T2

]
= ln

[
AR
βE

(
1 − 2RT

E

)]
− E

RT
(n = 1) (8)

ln

[
− ln (1 − a)1−n

T2(1 − n)

]
= ln

[
AR
βE

(
1 − 2RT

E

)]
− E

RT
(n ̸= 1) (9)

For the most activation energy E, 2RT
E ≪ 1 so ln

[
AR
βE

(
1 − 2RT

E

)]
≈ ln

(
AR
βE

)
, this could

be considered as a constant.
Devolatilization is a complicated procedure; several investigators [18] have approached

the pyrolysis process as a single-rate reaction. A graph of ln
[
− ln(1−α)

T2

]
is plotted against

1
T showing a straight line with slope of (− E

R ), with an intercept of ln
(

AR
βE

)
, providing the

value of (E) and (A) [5,19]. Subsequently, obtaining the kinetic constraints, the degree of
conversion α can be determined by Equation (9):

1 − αCR = exp

[
−ART2

βE
exp

(
−E
RT

)]

ln
(

g(x)
T2

)
= ln

[
AR
βE

(
1 − 2RT

E

)]
− E

R
1
T

(10)

In this study, an investigation of various mechanisms was conducted to regulate the
most suitable kinetic mechanism that provides a detailed understanding of the thermal
oxidation process of the samples. The Coats–Redfern method was chosen as it is widely
used and considered a reliable technique for thermodynamic purposes [20]. The choice
of the Coats–Redfern method was also influenced by Petrovic and Zavargo [21], who
demonstrated that this method yielded activation energy and pre-exponential values that
were approximately 2% lower compared to other methods.
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By employing the Coats–Redfern method, it was supposed that the heat transfer
within the particles was negligible due to the reduction in the raw biomass and activated
carbon. This assumption allowed for the consideration of continuous parallel reactions,
which provided a more comprehensive understanding of the thermal oxidation process.
Overall, the Coats–Redfern method was deemed appropriate for this study as it offered a
reliable and accurate approach for determining the kinetic parameters of the reaction.

3. Results and Discussion
3.1. Thermogravimetric Analysis

Based on the TGA results, the recorded curves were divided into three regions which
indicate the thermal decomposition of organic matter in the biomass. The TG and DTG
curves of the raw coconut residue (RCR) and activated carbon from coconut residue
(ACCR) are shown in Figure 1. The samples were treated at altered heating rates (3, 5,
and 10 ◦C/min) in the presence of nitrogen. The first phase observed in the DTG curve
corresponded to the release of water vapor and highly volatile compounds from the
biomass. In the second phase, the highest weight loss happened, which was attributed to
the degradation as well as the elimination of residual char after the volatiles were eliminated
from the biomass. The chemical treatment of the char samples resulted in a lower percentage
of volatiles being released during the main degradation time. Furthermore, previous studies
indicated that the realization of char hinders the emission of volatile substance from the
surface; this action leads to a decrease in the quantity of volatile substances [22–24]. This
suggests that the adsorbed chemicals have an inhibitive effect on the degradation behavior
of the treated samples [25–27].
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Figure 1. TGA and DTG curve of (a) raw biomass (b) activated carbon.

The speed at which the initial phase operates, primarily containing moisture and
volatile components, was not investigated in the recent study, as it had been studied in
previous papers. The temperature zone corresponding to mass loss is provided in Supple-
mentary Data Table S1. Figure 1 represents the mass loss as a function of temperature at
different heating rates for the RCR and ACCR samples. The solid residue yield was 26.22%
and 27.97% for the RCR and ACCR, respectively, at 5 ◦C/min. The peak temperatures of
RCR pyrolysis were 319 ◦C, 330 ◦C, and 338 ◦C, while for ACCR they were 322 ◦C, 340 ◦C,
and 356 ◦C at 3–10 ◦C/min.

The maximum degradation observed in the TG and DTG curves was influenced by
the increase in heating rate. However, the dehydration zone did not exhibit significant
differences among the heating rates. As the heating rate increased, the highest points on
the TG curves (indicating maximum mass loss) and the lowest points on the DTG curves
(indicating the points of maximum rate of mass loss) shifted to higher temperatures. This
can be attributed to the higher instantaneous thermal energy delivered to the system at
lower heating rates; additionally, it took more time for the purge gas to stabilize and match
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the temperature inside the furnace. The higher heating rate resulted in shorter reaction
times, thus shifting the maximum curves towards higher temperatures [27].

Referring to the information provided in the cited source [6], the first derivative of
the TG curve that shows a decrease in mass over temperature (DTG), exhibited three
decomposition phases for the spruce and bark samples. The first phase of decomposition
occurred between 500 and 586 K. The next phase was between 615 and 680 K and displayed
a peak at 645 K, leading to the maximal decomposition. The third stage took place within
the temperature range of 692 to 875 K. Di Blasi’s [28] study also revealed that hemicellulose
was decomposed at 495–590 K, while cellulose decomposition occurred between 615 and
680 K with a peak at 642 K.

3.2. Analysis of Thermal Decomposition Kinetics Using the Coats–Redfern Method

Bends reveal the solid-state mechanism for the second region of the samples through
the Coats–Redfern method, as shown in Figure 1. As we can see from the figures, three
different heating rates were applied for the raw sample and their activated carbon having
altered slopes for the six solid-state mechanisms mentioned in Table 2 using the Coats–
Redfern method. Through various mechanisms, the value of g(α) was examined. The most
accurate mechanism should be selected on the basis of the greatest correlation coefficient
and its activation energy. Table 3 indicates that most of the mechanisms followed the
highest R2 value, closest to 1, for the thermal kinetics.

Table 2. Mathematical representation of kinetic models: f(x) and g(x) expressions.

Model Symbol f(x) g(x)

First-order O1 (1 − x) −ln(1 − x)
Three dimensions (Contracting Sphere) R3 3(1 − x)2/3 1 − (1 − x)1/3

One-dimensional diffusion D1 α−1/2 α2

Two-dimensional diffusion, cylindrical symmetry D2 [−ln(1 − α)]−1 α + (1 − α) ln(1 − α)
Random nucleation and subsequent growth A2 2(1 − α) [−ln(1 − α)]1/2 [−ln(1 − α)]1/2

Random nucleation and subsequent growth A3 3(1 − α) [−ln(1 − α)]1/3 [−ln(1 − α)]1/3

Table 3. Chemical reactions (HM), phase boundary-controlled reactions (SCM) and diffusion mecha-
nism using Coats–Redfern Method.

Samples g(α)
E (kJ/mol) R2

Average E
± σ3/5/10 ◦C/min 3/5/10 ◦C/min

RCR

−ln(1 − x) 98.09/110.3/113.96 0.999/0.995/0.996 107.45 ± 6.78
1 − (1 − x)1/3 86.78/97.77/100.94 0.996/0.991/0.993 95.16 ± 6.07
α2 146.15/163.83/168.72 0.974/0.964/0.969 159.57 ± 9.69
α + (1 − α) ln(1 − α) 162.63/182.05/187.66 0.987/0.980/0.983 177.45 ± 10.7
[−ln(1 − α)]1/2 44.04/50.30/52.03 0.999/0.995/0.996 48.79 ± 3.43
[−ln(1 − α)]1/3 26.02/30.30/31.39 0.999/0.993/0.994 29.24 ± 2.32

ACCR

−ln(1 − x) 79.68/91.71/92.04 0.992/0.988/0.987 87.81 ± 5.75
1 − (1 − x)1/3 70.64/81.45/81.78 0.998/0.995/0.995 77.96 ± 5.17
α2 120.58/138.29/139 0.990/0.988/0.990 132.62 ± 8.52
α + (1 − α) ln(1 − α) 133.84/153.36/154.10 0.997/0.994/0.996 147.1 ± 9.38
[−ln(1 − α)]1/2 35.18/41.15/41.22 0.990/0.985/0.984 39.17 ± 2.82
[−ln(1 − α)]1/3 20.35/24.04/24.92 0.987/0.982/0.981 22.96 ± 1.84

3.3. Evaluation of Kinetic Energy through Coats–Redfern Method

The validity of the model-based Coats–Redfern method for determining the degrada-
tion of RCR and ACCR was assessed using Equation (10), which relies on the Arrhenius
equation. The Coats–Redfern method takes into the account the heating rate as a pa-
rameter. Table 2 presents the various kinetic models that were applied to identify the
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pyrolysis mechanism, while Table 3 provides the calculated kinetic parameters using
different heating rates.

The results obtained from the thermogravimetric analysis were analyzed using dif-
ferent models to investigate the kinetic constraints, containing activation energy (E) and
pre-exponential factor (A) as well as the regression equation and correlation coefficient (R2).
The kinetic parameters were calculated by plotting the regression line and determining the
slope and intercept. It was observed that the kinetic parameters obtained using different
heating rates and various mechanisms yielded reaction models that reasonably fit the
experimental data. All the models exhibited high correlation coefficients, suggesting a
strong alignment between the predicted values and the experimental results.

Upon calculating the thermal kinetics of all the samples in Table 3, it is evident that
the D1–D4 models are applicable to the second zone of pyrolysis, which is characterized
as the “effective state mechanism”. Similar findings were reported by Agrawal et al. [29]
and Zakrzewski et al. [8], who considered the degradation of wood samples and lignocel-
lulosic materials, concluding that the D3 mechanism was the most effective model. Guo
et al. [30] analyzed the pyrolysis of oil palm fibers at low temperatures and identified
the three-dimensional diffusion mechanism as the most effective model. However, a first-
order reaction was observed at a higher temperature. Vlaev et al. [31] investigated the
degradation of lignocellulosic constituents using rice and discovered that the (D4) model,
also known as the Ginstling–Brounshtein equation, provided a suitable description for
diffusion-controlled reactions.

In a recent paper, multiple g(α) models were fitted to the experimental data and
demonstrated high correlation coefficients (R2). However, one of the drawbacks of this
method is that in many cases, more than one model can fit the experimental results,
making it challenging to select the most appropriate model and accurately estimate the
kinetic parameters. This challenge has been acknowledged in the literature [32], and
a similar issue was encountered in the present study. To address this ambiguity and
improve the accuracy of the model selection and estimation of the kinetic parameters,
a combined approach involving TG analysis, dynamic studies, and isothermal studies
can be implemented in future investigations. This integrated approach would provide
a more comprehensive understanding of the homogeneous biomass and facilitate the
determination of the appropriate model and thermal coefficients.

Figure 2 displays the plots obtained using the Coats–Redfern method for biomass
and activated carbon samples. The activation energies for the pyrolysis process varied
between 159.57 and 177.45 kJ/mol for RCR and from 132.62 to 147.1 kJ/mol for ACCR at
different conversion values (V/V*), as shown in Table 3. It was observed that each stage of
the conversion reaction corresponded to a specific activation energy during the pyrolysis
process. The maximum activation energies recorded for the samples were 177.45 kJ/mol
and 147.1 kJ/mol, respectively.
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3.4. Scanning Electron Microscopy (SEM)

Particle size and morphology of the materials were analyzed by SEM (Scanning
Electron Microscopy, JSM-6510A/JSM-6510LA, JEOL Ltd., Tokyo, Japan). Figure 3 displays
the micrographs of the precursor material (coconut residue) and the activated carbon. The
SEM analysis revealed that the morphology of the precursor material underwent significant
changes after the pyrolysis and activation processes. The structure transformed into one
with larger pores, indicating the decomposition of labile compounds during these processes.
In contrast, the surface of the raw samples appeared smooth and lacked noticeable pores.
However, after activation, a well-defined and developed pore structure became evident in
the activated carbon micrograph. The surface of the activated carbon appeared smoother
compared to the precursor material, suggesting a more refined and organized structure.
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In summary, the SEM analysis demonstrated that the pyrolysis and activation pro-
cesses resulted in morphological transformations, leading to the development of a porous
structure in the activated carbon, which is advantageous for its adsorption properties.

3.5. Brunauer–Emmett–Teller (BET)

The BET (Brunauer, Emmett, and Teller) method, is a technique employed to determine
the surface area of a sample. It operates on the principle of multilayer adsorption taking
place in an inert atmosphere on the surface of an adsorbent. This method serves as a
foundation for assessing the micro-porous surface area of the adsorbent [33].

The BET approach extends the Langmuir theory, initially developed for monolayer
adsorption, to account for multilayer adsorption. It assumes that nitrogen (N2) molecules
adhere to the surface of the adsorbent in various layers.

1

v[
(

Po
P

)
− 1]

=
C − 1
vmc

(
p
po

)
+

1
vmc

(11)

p and po represent the adsorbate diffusion pressure, and the amount of gas adsorbed
on the surface is represented as v, while vm indicates the volume of monolayer N2 adsorbed.
The constant value in this context is denoted as c, as provided below:

c = exp
(

E1 − EL
RT

)
(12)

E1 is used to denote the heat of sorption for the initial layer, while EL is employed
for the subsequent layers. Equation (11) describes the adsorption isotherm by plotting
v[
(

Po
P

)
− 1] vs. ∅ = p/po. A indicates slope and intercept is represented by 1; both are
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utilized to analyze the adsorption of monolayer N2. vm is a constant, denoted as c, calculated
using the following equation:

vm =
1

A + 1
(13)

c = 1 +
A
I

(14)

The equation below is commonly referred to as total specific surface area.

SBET,total =
(vmNs)

V
(15)

vm signifies the molar volume of nitrogen gas, while V represents the molar volume
of the adsorbate gas.

SBET =
Stotal

a
(16)

The surface areas (SBET) of the activated carbon and the raw samples were attained from
1/W [(Po/P) − 1] versus P/Po adsorption of N2, which increased from 150 to 355 m2·g−1

for coconut residue. The findings indicate that the surface area expands as a result of the
chemical treatment applied to the samples, as detailed in Table 4. This chemical treatment
leads to the purification of the surface, removing foreign substances and enhancing it
for adsorption purposes. Another contributing factor to the increased surface area is
the presence of non-polar carbon groups on the sample surface, especially at elevated
temperatures, which contributes to a more uniform surface, as outlined in reference [19].

Table 4. BET surface area (m2/g) of carbon.

Samples Specific Surface Area
(m2/g) Pore Volume (cm3/g)

Average Pore Size
(nm)

RCR 145 0.0099 15.867
ACCR 488 0.0118 9.928

4. Conclusions

In this study, coconut residue was subjected to pretreatment for the production of
activated carbon. The kinetic pyrolysis of the samples was investigated using TGA under
an inert atmosphere. The Coats–Redfern method was employed to analyze the kinetics
and obtain novel insights. The average activation energies obtained by using the Coats–
Redfern method were 29.24 and 177.45 kJ/mol and 29.24 to 147.1 kJ/mol using coconut
residue and activated carbon, respectively, at heating rates of 3–10 ◦C/min. Moreover,
the activation energies of the raw biomass were higher than the activated carbon. The
experimental data exhibited a high correlation coefficient greater than 0.96, indicating a
strong agreement between the predicted values and the experimental results. The SEM anal-
ysis confirmed an increased porous structure and specific surface area in all the prepared
samples. Similarly, the BET analysis supported these findings. These factors, including the
enhanced porous structure and specific surface area, were identified as key contributors
to the lower activation energy observed in the activated carbon. These findings highlight
the potential of coconut residue as a precursor for the production of activated carbon with
desirable properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en17184605/s1, Table S1: Characteristics of the raw biomass
wastes and their activated carbon.
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