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Abstract

Biomass, particularly agricultural waste, has emerged as a highly attractive alternative fuel
source for domestic and industrial applications. This study investigates the suitability and
potential of plantain peel biomass (PPB) as a viable feedstock for bioenergy production. The
PPB was comprehensively characterized using proximate and ultimate analyses, thermo-
gravimetric analysis (TGA), Fourier-transform infrared (FTIR) spectroscopy, and scanning
electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS). Exper-
imental results indicate that the weight ratio of plantain peel (skin) to unpeeled plantains
ranges from 27% to 47%. Proximate analysis of the PPB yielded volatile matter (VM) of
65.8% and fixed carbon (FC) of 14.5%, suggesting substantial energy potential. The ultimate
analysis results, conducted on a dry, ash-free basis, were used to determine the biomass
higher heating value (HHV), which ranged from 13.93 to 16.35 M] /kg. TGA showed that
the thermal decomposition of PPB is typical of lignocellulosic biomass, occurring in three
distinct stages over a temperature range of 25 to 1000 °C. FTIR spectroscopy identified
O-H and C-H as key functional groups present in the PPB, further supporting its viability
for biofuel production. Furthermore, SEM micrographs revealed a porous surface texture
with heterogeneous particle sizes and shapes. At the same time, EDS confirmed carbon (C),
potassium (K), and oxygen (O) as the dominant elements, alongside trace amounts of mag-
nesium (Mg), silicon (5i), phosphorus (P), chlorine (Cl), and iron (Fe). In conclusion, PPB
represents a promising and sustainable feedstock for biofuel production in both domestic
and industrial sectors.

Keywords: biomass; fuel; pyrolysis; ash; TGA; SEM

1. Introduction

Biomass fuel is an important renewable and environmentally sustainable energy
source widely used for domestic and industrial applications as a substitute for fossil
fuels [1]. Biomass consists of organic materials derived from plants and animals, including
wood, agricultural residues, garbage, animal dung, and sewage [2,3]. These materials can
be converted into energy through direct combustion, thermochemical processes such as
pyrolysis and gasification, and chemical or biological methods [4,5]. While combustion
requires oxygen, pyrolysis occurs in an inert environment to prevent oxidation and enable
the production of fuels such as biochar and briquettes [4,6]. The resulting energy products
from biomass include biochar, ethanol, biodiesel, and biogas [1,7]. According to the United
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States Energy Information Administration (EIA), biomass accounted for approximately 5%
of the total primary energy consumed in the US in 2023, underscoring its growing relevance
as a sustainable energy resource [8].

Agricultural biomass has attracted considerable attention due to its abundance and
renewable nature. Its energy potential is largely influenced by its organic component,
particularly the presence of cellulose, hemicellulose, and lignin [9]. Inorganic components,
including ash-forming elements such as carbon, silicon, potassium, calcium, and sodium,
further influence its suitability for composite fabrication [10]. For example, biomass with
low ash content is generally more suitable for liquid biofuels, whereas higher FC con-
tent favors both liquid and solid fuel applications such as bioethanol, briquettes, and
biochar [11,12]. Despite extensive studies on agricultural residues such as rice husk, corn
cob, palm kernel shell, and groundnut shells, little to no research has been conducted on
PPB as a potential energy source [7,12].

Plantain (Musa paradisiaca) is widely cultivated in tropical regions, particularly in West
Africa, where it serves as a staple food crop. Major producers include Nigeria, Ecuador,
Colombia, Ghana, and Cameroon. The peel, which constitutes approximately 27-47% of
the fruit’s total weight, is typically discarded during processing, contributing to increasing
volumes of agricultural waste. With rising global demand for plantains and their derived
products due to their nutritional value, plantain peel waste generation is expected to
increase, posing potential environmental challenges if not properly managed.

Characterization is a fundamental requirement for assessing the suitability of biomass
for bioenergy production. Understanding the physicochemical, structural, and thermal
properties of biomass is essential because these characteristics influence the selection of
appropriate pretreatment and conversion technologies, energy content, fuel quality, con-
version efficiency, and environmental impact [1,5]. Furthermore, characterization data
provide valuable information for estimating the calorific value of biomass, designing and
optimizing energy-conversion systems, and managing emissions during thermochemical
processes. For instance, the volatile matter and fixed carbon contents of biomass are key
indicators of its energy potential. Similarly, the nature and distribution of functional groups
within the biomass structure influence its chemical reactivity, thermal stability, and fuel
suitability. Some of the characterization techniques and their functions include the follow-
ing: proximate analysis evaluates MC, VM, FC, and ash, while ultimate analysis determines
the elemental composition (C, H, O, N, and S) to estimate the heating (calorific) value.
Additional methods such as TGA, FTIR, XRD, and SEM-EDS provide insights into thermal
behavior, functional groups, crystallinity, and surface morphology, respectively [7,11,13].

Utilizing PPB for energy production contributes to several sustainable development
goals (SDGs), such as mitigating greenhouse gases, developing the rural economy, and
promoting sustainable waste management that aligns with the principles of reduce, reuse,
and recycle [14,15]. Accordingly, this study investigates the potential of novel PPB as a
renewable energy source. The PPB is novel because no PPBs sourced from Liberia and
characterized for energy production have been reported in the literature. The PPB was
characterized using proximate and ultimate analyses, TGA, FTIR, and SEM-EDS to evaluate
its suitability for energy generation. This study aims to contribute to the development of
sustainable biomass resources and expand the utilization of plantain peels.

2. Materials and Methods
2.1. PPB Preparation and Characterization

A substantial quantity of PPB sourced from Harper, Maryland County, Liberia, was
thoroughly cleansed to remove dirt and other contaminants. The PPB was dried for weeks at
ambient temperature to reduce the moisture content and subsequently stored in a polythene
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bag for further use. The dried PPBs were pulverized and sieved to an average particle size
of 70 microns before characterization. In no particular order, the characterization of the
PPB included SEM-EDS, FTIR, TGA, and proximate and ultimate analyses. Figure la—f
show unripe plantain, edible plantain, fresh plantain peels, dried plantain peels, plantain
peel powder, and plantain peel ash.

e,

Figure 1. (a) Unripe plantain, (b) edible plantain, (c) fresh plantain peels, (d) dried plantain peels,
(e) dried plantain peel powder, (f) plantain peel ash.

2.2. Determination of the Weight Fraction of Plantain Peel

To accurately estimate the weight fraction of the PPB, some unripe and unpeeled
plantains were purchased and cleaned, and each was weighed on a digital balance and
recorded as P;. Each unpeeled plantain was peeled, weighed, and recorded as P, for the
edible plantain and P53 for the peels, as shown in Table 1. The percentage weight of the
plantain peel as a function of the total weight of the unpeeled plantain is determined using
Equation (1).

PPwt(%) = (Ps/p,) x 100 1)

2.3. Density of the PPB

To determine the density of the PPB powder and ash residue, a small fraction of the
powder and ash residue was placed in a gas pycnometer (BetterPyc 380) Bettersize, Noi,
Vietnam. The instrument measures the mass and volume of the PPB powder sample and
then estimates the densities of the powder and ash residue. The pycnometer measures the
density of solid powders with an accuracy of 0.01%.
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Table 1. Experimental data for the weight fraction of plantain peel.

Weight of Plantain Before = Weight of Edible Plantain =~ Weight of Plantain Peel

Peeling (P1) (g) After Peeling (P>) (g) (P3) (g)
476 290 186
316 169 147
479 275 204
189 137 52
216 134 82
200 127 73

2.4. Proximate Analysis of the PPB

The proximate analysis of the PPB was performed to determine the percentage of
MC, VM, ash content, and FC. The experimental procedure follows the ASTM D3172
standard [16]. Utilizing the conventional furnace method, the percentage of MC, VM, ash
content, and FC of the PPB were determined.

2.4.1. Moisture Content (MC)

To determine the MC of the PPB, the mass of the crucible was first determined and
recorded as (W1). After that, the porcelain crucible was filled with the PPB powder sample,
weighed, and recorded as (W;). It was then placed in a tube furnace under a nitrogen
atmosphere and heated to 100 £ 5 °C for 30 min. The furnace was switched off after
30 min of heating to cool to ambient temperature. The procedure was repeated to get an
average mass of the residue, which was recorded as W3. The percentage MC of the PPB
was estimated by simple weight loss as expressed in Equation (2).

MC(%) = (W2 =Ws/y, _w,) x 100 )

The total solid mass (TSM %) can be estimated using Equation (3) or (4).
TSM(%) = 100 — MC(%) 3
TSM(g) = W — Wy (4)

2.4.2. Volatile Matter (VM)

The crucible containing the dried PPB, recorded as W3, was placed in the tube furnace
and heated to a temperature of 950 &+ 5 °C in a nitrogen atmosphere to determine the
combustible matter. After soaking at this temperature for 1 h, the furnace was switched off
and allowed to cool to room temperature. The procedure was repeated to get an average
mass of the residue, which was recorded as W4. The VM, which is the solid mass loss after
PPB decomposition, was determined using Equation (5).

VM(O/o) = (W3 - W4/w3 — Wl) x 100 (5)

2.4.3. Ash Content

To estimate the percentage of ash residue, the crucible and its contents, recorded as
Wy, were placed in the furnace and heated to a temperature of 750 & 5 °C in an oxygen
atmosphere. After holding at this temperature for 1 h, the furnace was cooled to room
temperature. The procedure was repeated to get an average mass of the ash residue, which
was recorded as Ws. The percentage of the ash residue was estimated using Equation (6).

ASh(O/o) = (WS*W1/W3,W1) x 100 (6)
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2.4.4. Fixed Carbon

The FC represents the non-volatile, combustible carbon and can be estimated using
Equation (7). The data for the proximate analysis are presented in Table 2.

FC(%) = 100 — (MC% + VM% + Ash%) )

Table 2. Experimental data for proximate analysis of PPB using the furnace method.

Parameters Designation Experimental Values (g)
Mass of crucible Wy 8.378
Mass of crucible and PP powder @ room temperature W, 9.555
Mass of crucible and PP powder @ 100 & 5 °C W3 9.443
Mass of crucible and PPB @ 950 + 5 °C Wy 8.697
Mass of crucible and PPB @ 750 + 5 °C Ws 8.510

2.5. TGA of PPB

The pyrolytic characteristic of the PPB was determined using a thermogravimetric
analyzer, Universal V4.5A (SDT Q600 V20.9 Build 20), New Castle, DE, USA. Following
the ASTM D5142 standard [16], 7.9 mg of the PPB powder was placed in the analyzer,
where it was heated to a temperature range of 0 to 1000 °C at a heating rate of 20 °C/min
under nitrogen gas with a flow rate of 35 mL/min to create an inert atmosphere in the
heating chamber.

2.6. Ultimate Analysis of PPB

The percentage weight of hydrogen, sulfur, carbon, and nitrogen in the PPB was esti-
mated using the ultimate analysis method, as specified in the ASTM D5373 standard [17].
Approximately 1.8 g of the PPB powder, on a dry ash-free basis, was placed in a TA instru-
ment (Universal V4.5A, SDT Q600 V20.9 Build 20) and burned at an elevated temperature
in a pure oxygen atmosphere. The weight percentages of C, H, N, and S were estimated
using an elemental analyzer, while that of Oxygen (O) was calculated by weight difference,
as expressed in Equation (8).

0% = 100 — (C% + H% + N% + S%) )

2.7. Heating (Calorific) Value of PPB

As reported in the literature, the HHV of biomass can be determined using either
experimental or modeling methods [18,19]. The experimental method is seldom used due to
the cost of the experimental setup as well as the close agreement between experimental and
modeling results [20]. Several models have been developed to estimate the heating value
of biomass. Some of these models are based on parameters from proximate or ultimate
analyses [21-24]. The HHV of the PPB is determined using Equations (9)-(13) [23-27].

HHV = 0.3516(C) + 1.16225(H) — 0.1109(0) + 0.0628(N) + 0.10465(S) )

HHV = 0.3137(C) + 0.7009(H) + 0.0318(0) — 1.3675 (10)

HHV = 0.3491(C) + 1.1783(H) — 0.1034(0) — 0.0151(N) + 0.1005(S) — 0.0211(ash) (11)
HHV = 0.3443(C) + 1.192(H) — 0.113(0) — 0.024(N) 4 0.093(S) (12)

HHV = 0.341(C) + 1.323(H) — 0.1194(0) — 0.1194(N) 4 0.0685(S) — 0.0153(ash) (13)
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2.8. FTIR Analysis

To determine the various functional groups present in the PPB, an FTIR instrument
(Perkin Elmer Spectrum Version 10.03.02, Shelton, CT, USA) was used. A small quantity of
the PPB powder sample was mixed with KBr and placed in the instrument for examination.
Scanning of the PPB sample was performed over the wavelength range of 400 to 4000 cm !
to identify the various functional groups. A similar procedure was reported by previous

studies [16,28].

2.9. SEM-EDS Analysis of PPB

The surface morphology and chemical composition of the PPB dry powder and ash
residue were determined using SEM-EDS (JEOL JSM-6390, JEOL, Peabody, MA, USA).
Before the examination, the PPB samples were coated with carbon to make them conductive.

3. Results and Discussion
3.1. The Density and Weight Fraction of PPB

The plantain peel is central to this study because of its potential for bioenergy pro-
duction. As a veritable source of energy, it is important to estimate the weight of the peel
(skin) as a ratio of the total weight of the unpeeled plantain to determine the amount of
peel that can be generated per ton, with a view to estimating the amount of energy that
can be harvested from the peels. Using Equation (1), the weight of the plantain peel, as
a fraction of the total weight of the unpeeled plantain, is estimated to be 27-47%. It was
observed that the larger the plantain, the larger the peel, and vice versa. The density of the
plantain peel powder and ash was 2.34 g/cm?.

3.2. Proximate Analysis Results of PPB

The proximate analysis of PPB is essential for evaluating its suitability for energy
production [29]. The results of the proximate analysis are presented in Table 3. The findings
indicate that the measured parameters fall within acceptable ranges when compared with
previous studies [17,30,31]. The moisture content of biomass depends on the type of
biomass and the drying methods (air- or oven-dried). A high MC is undesirable because
it reduces the combustible fraction and overall energy value of the biomass. In addition,
a high MC requires more energy to remove water and volatile gases before ignition can
occur. Therefore, a low MC is preferable [29].

The volatile matter (VM) content of 65.8% indicates significant energy potential. This
suggests that the combustible volatile component in the PPB is sufficient to support rapid
ignition, flame propagation, and substantial energy release. However, excessively high
VM values (e.g., greater than 90%) may result in excessive volatility, leading to incomplete
combustion, increased emissions, and reduced heating value. Furthermore, a very high
VM content decreases the proportion of FC in the biomass. Comparatively, the VM in PPB
is higher than that of empty fruit branch (EFB) [13], tobacco stem [32], and lemongrass [33],
but lower than that of melon seed shell [15], corn cob [16], and sweet sorghum stalk
(SSS) [31].

FC represents the non-volatile combustible carbon, which directly influences the heat-
ing value of biomass. A relatively high FC content (e.g., approximately > 10%) is desirable
because it enhances fuel quality by supporting prolonged and sustained combustion [34].
Fixed carbon also contributes to char formation, which is an essential requirement for
briquette production. It can be inferred that as FC content increases, VM content decreases,
and vice versa [35].

Ash represents the non-combustible inorganic residue remaining after combustion.
For efficient and clean combustion, a low ash content is generally preferred. High ash
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content is generally undesirable because it increases solid residue generation, lowers the
calorific value of biomass, and promotes slagging and fouling in thermochemical conversion
systems, particularly gasification equipment. However, slagging can be minimized by
maintaining the operating temperature below 900 °C [36].

Variations in ash content are influenced by several factors, including biomass type,
plant species, combustion efficiency, geographical location, and soil characteristics. Woody
biomass typically contains lower ash levels than herbaceous and agricultural biomass,
whereas industrial biomass generally produces the highest ash content. Previous studies
reported that the ash content of agricultural biomass can reach up to 20% [37,38]. Sim-
ilarly, Marrugo et al. [16] reported an ash content of 24.71% for banana rachis, while
Olupot et al. [39] reported ash contents ranging from 15.87% to 25.56% for different vari-
eties of rice husks in Uganda. A practical approach to improving the fuel quality of high-ash
biomass is to blend it with low-ash feedstocks, such as sawdust. This strategy reduces
the overall ash content, improves combustion performance, and mitigates operational
problems associated with ash deposition and slagging. Nevertheless, high ash content can
be advantageous for composite reinforcement applications. Studies reported improvements
in the properties of metal matrix composites (MMCs) through the incorporation of biomass
ash [40,41].

Furthermore, the physicochemical properties of agricultural biomass vary considerably
among plant species and even within the same biomass type. These variations are influ-
enced by several factors, including geographical location, plant species, climatic conditions,
soil characteristics, and cultivation practices [14,30]. For example, the physicochemical
properties of plantain peel biomass from Nigeria, as reported by Williams et al. [42], differ
from those of biomass from Liberia, as characterized in the present study. Similarly, Mar-
rugo et al. [16] reported volatile matter and ash contents for palm kernel shell that differ
from those reported by Onokwai et al. [7]. Likewise, the volatile matter content of lemon-
grass reported by Yahya et al. [35] differs from that reported by Madhu et al. [33]. These
variations demonstrate the influence of feedstock origin and environmental conditions on
biomass properties and highlight the importance of region-specific characterization. Conse-
quently, the physicochemical data on PPB reported in this study provide novel information
supporting its evaluation as a potential feedstock for bioenergy applications.

Table 3. Results of proximate analysis, ultimate analysis, and HHV of agricultural biomass.

. MC VM Ash FC N C H s o
Biomass Samples Wt%)  wWt%)  (wt%)  wt%)  (wt%)  (wt%)  (wi%)  (wt%)  (wte%) ~ HHVMJ/Kg)  References
PPB 95 6538 102 145 134 39.14 5.35 112 5305 13.93-1635  This work
MP 106 700 5.8 136 0.23 46.94 5.79 030 4674 1828 [43]
PA Wood 3.13 71.43 3.86 2158 0.52 4923 6.13 015 4397 17.75 [44]
Palm kernel shell 0.40 73.70 3.50 2240 012 4828 5.39 003 4618 2165 7]
Coconut shell 9.66 71.92 0.67 17.75 019 4729 491 037 4724 17.43 [10]
Melon seed shell 6.38 80.43 727 9.92 186 71.49 9.63 0.1 16.92 18.30 [15]
Lemon grass 8.02 59.99 8.02 2478 154 39.34 5.81 001 5330 17.20 [33]
Empty fruit bunch (EFB) 25.0 587 22 14.1 0.68 45.90 5.90 009 4420 19.30 [3]
Peanut shell 5.16 80.24 6.12 8.48 1.03 46.86 6.84 029 4498 18.64 [45]
Mixed V(Vl\‘/’lggss)a‘”d““ 8.82 73.34 6.59 11.25 1.32 46.66 6.60 0.64 4478 16.23 [46]

3.3. Ultimate Analysis and Heating Value of PPB

The ultimate analysis of the PPB was conducted to determine the percentage weight
fractions of hydrogen, sulfur, carbon, oxygen, and nitrogen required for determining its
HHYV. The HHYV is one of the most important characteristics of biomass because it indicates
the total amount of heat energy that can be generated during combustion [13]. The results
of the ultimate analysis and HHV of the PPB are presented in Table 3. Carbon (C) and
hydrogen (H) are the primary energy-contributing elements in biomass; therefore, an
increase in their weight fractions generally increases the heating value [47]. In contrast,
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elevated oxygen and nitrogen contents lower the energy density by reducing the heating
value of biomass. Using commonly used Equations (9)-(13) reported in the literature and
acceptable for HHV determination, the HHV of the PPB was calculated to be 14.30, 16.35,
14.56, 13.93, and 14.01 MJ/kg, respectively. This finding shows that the energy value of the
PPB falls within the range of selected rice husk varieties from Uganda, as reported in [39],
and mixed wood sawdust (MWS), as reported in [46]. However, this energy value is lower
than that of matoke peel (MP) [43], palm kernel shell [7], Tectona grandis seeds (TGs) [47],
and peanut shell [45]. As reported, these variations may be attributed to the combustion
efficiency, biomass types, origin, and environmental and soil conditions.

Furthermore, the sulfur content of the PPB is relatively high compared with other
biomass presented in Table 3. High sulfur content in biomass fuel can adversely affect fuel
quality, contribute to air pollution through sulfur dioxide (SO;) emissions, and accelerate
engine corrosion.

3.4. TGA-DSC and TGA-DTG of PPB

The TGA-DSC and TGA-DTG of PPB, presented in Figure 2a,b, demonstrate that
the pyrolytic decomposition of the biomass occurred in three distinct stages up to 1000 °C,
consistent with the behavior of other lignocellulosic biomasses. The first stage, which
occurred between 50 and 200 °C, involved the removal of moisture and volatile gases,
resulting in a weight loss of approximately 8.7%, as illustrated in Figure 2a. This relatively
low moisture content suggests reduced energy demand during drying and minimizes poor
ignition problems [43].

froan TGA-DSC
a0 4
; 60 - 61.57%
N
=
a0 -
20+ T y . .
o 200 400 &s00 800 1000
Temperature (°C) Universal V4.5A TA Instruments
110
i 1.8
100 —TGA I
i DTG - 1.6
20 — [ 4
| 0+ 1.2 =
\0 - L
< | 70 4 10| B
= -
c i 0.8 -E
0 [ 60 -
o
2 1 - 0.6
50 — L
- - 0.4
40 - -
i - 0.2
30 b e = T — L 0.0
20 T T T T T T -0.2
o 200 400 600 800 1000

Temperature °C

Figure 2. (a) TGA-DSC and (b) TGA-DTG graphs of PPB under nitrogen atmosphere.

The second stage corresponds to the active pyrolysis of the dried PPB and accounted
for approximately 61.57% mass loss. As shown in Figure 2, decomposition occurred in
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sequential stages associated with hemicellulose (200-300 °C), cellulose (300—450 °C), and
lignin (450-650 °C) degradation [34,48]. Hemicellulose degradation is gradual due to its
more amorphous structure and is represented by the small peak or shoulder in the DTG
curve shown in Figure 2b. Cellulose decomposes rapidly within narrow temperature ranges
because of its less complex and more volatile structures, leading to substantial mass loss.
The largest peak in the DTG curve corresponds to Trmayx, and it indicates the temperature
(~300 °C) at which the maximum mass loss occurred. In contrast, lignin decomposes
gradually with a gradual mass loss over a broader temperature range because of its dense
structure and high molecular weight [4,49].

The third stage is an extension of the second stage, and it shows the continuation of
slow lignin degradation and char formation. The relatively flat section of the TGA curve
during lignin degradation and char formation indicates gradual decomposition (mass loss)
of carbonaceous structures despite increasing temperature. The resulting residue is rich in
carbon [4,49,50].

Following pyrolysis in a nitrogen atmosphere, the remaining residue, composed
mainly of fixed carbon and ash, accounted for approximately 29.73% of the original PPB
mass. FC contributes to prolonged combustion and increases the HHV of PPB. Further-
more, the residual mixed FC and ash can undergo oxidation, releasing additional ther-
mal energy and producing ash residue. The resulting ash, consisting primarily of metal
and non-metal oxides, may also serve as an inorganic filler or reinforcement material in
composite fabrication.

3.5. FTIR Analysis of PPB

FTIR spectroscopy, shown in Figure 3, was utilized to identify the functional groups
and chemical compounds present in the PPB [51]. In an FTIR spectrum, higher wavenum-
bers correspond to higher energy levels and vice versa. When the spectrum is plotted as
transmittance (as shown on the Y-axis of Figure 3), characteristic molecular absorptions
appear as downward valleys. Conversely, these spectral features can be represented as
upward peaks if an absorbance spectrum is used instead.

102
100

2129.87cm-1, 93\49%T

90

™~
860.38ch-1, 88.10f6T
80

70

60

530.41cm-1, 56.93%T
50 S
S$76.48cm-1, S1.67%T
8.48%T

%T

246/139m-1, 4

40

30

20

20P6 94cm-1, 23.24%T 156.634m-h, 22.2

1640.32cm-1 “‘{'t'?'i' 7~
: 7¥Q-1. 15.39%T
1400 “““‘so:':\l’cck{}." 11.52%T

10

S4CATT, 4.00%T

2 v v v v v v ]
4000 3500 3000 2500 2000 1500 1000 500400
cm™!

Figure 3. FTIR graph of PPB.

To systematically identify the various functional groups, the FTIR spectra can be
categorized into four distinct regions based on their characteristic molecular vibrations [52].
These regions include a single bond (4000-2500 cm 1), a triple bond (2500-2000 cm™ 1), a
double bond (20001500 cm 1), and a fingerprint region (1500-500 cm ™).
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Table 4 outlines the specific functional groups and chemical compounds identified in
the PPB, derived using a standard infrared spectroscopy correlation table. The detection
of O-H stretching vibrations suggests the presence of hydrated compounds within the
biomass. Specifically, the O-H group suggests the presence of bound water molecules or
alcohols such as ethanol, methanol, and isopropanol.

Table 4. FTIR spectroscopy and the corresponding functional groups present in the PPB.

S/No Wavemirlnber Functional Chemical Compound
(cm—1) Group(s)

1 3428 O-H Alcohol, phenol

2 2926 C-H hydrocarbons

3 2129 Cc=C Alkyne

4 1640 Cc=C Alkene/Aromatic
5 1400 C-H Aliphatic, aromatic
6 1246 C-O-C Ether/Carbohydrate
7 1156 C-O Carbohydrate

8 1081 C-O Carbohydrate

9 1023 c-O0 Ether
10 860 C-H Aromatics
11 765 C-H Aromatics
12 576 C-Br, C-1 Bromide, Iodide
13 530 C-Br, C-I Bromide, Iodide

The C-H groups indicate hydrocarbon structures, which form the basic units of alkanes,
alkenes, and alkynes. The concentration of C-H groups in plant matter directly influences its
heating value, thereby affecting its efficiency as a biomass energy source. The C-O groups
coexist with hydroxyl (O-H) groups to form the structural frameworks of hemicellulose,
cellulose, and lignin, which indicate biofuel potential. They also suggest the presence of
hydrated and oxygenated compounds. Identifying these functional groups in the PPB
influences the choice for pretreatment and conversion pathways for biofuel production.

Finally, halo-compounds such as C-F, C-Cl, C-Br, and C-I are primarily concen-
trated within the fingerprint region, where they contribute to important ecological and
biochemical functions.

3.6. SEM-EDS Analysis Results of PPB

The SEM-EDS analysis of PPB provides valuable information on its physical, struc-
tural, and chemical characteristics, which are essential for optimizing biomass utilization
and improving biofuel quality. The SEM micrograph presented in Figure 4 shows that the
PPB powder consists of a heterogeneous distribution of particle sizes and morphologies,
including oval, flaky, and irregular-shaped particles with porous surface textures. These
porous structures are advantageous because they enhance catalyst penetration during ther-
mochemical and biochemical conversion processes, thereby improving biomass conversion
efficiency for biofuel production. The EDS analysis indicates the presence of carbon (C),
potassium (K), oxygen (O), magnesium (Mg), silicon (5i), phosphorus (P), chlorine (Cl), and
iron (Fe) in the PPB, as presented in Table 5. As observed from the table, apart from oxygen,
carbon has the highest weight percentage. This may be attributed to the coating of the
biomass powder during EDS analysis using carbon [53,54]. In addition, EDS is an effective
technique for identifying inorganic elements that may contaminate biofuels or contribute
to slagging and fouling during combustion. For instance, studies show that the presence of
Na, K, S, and Cl in ash residue in the form of chlorides and sulfates in substantial amounts
causes slagging in combustion equipment. Detecting these elements enables appropriate
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pretreatment strategies to eliminate them, thereby minimizing operational challenges and
improving fuel quality [55-58].

SEM MAG: 1.50 kx Det: SE | e B TR I VEGA3 TESCAN

WD: 15.06 mm | VEGA3 XMU 20 pm
SEM HV: 20.0 kV Date{m/d/y): 08/31/22 University of Johannesburg

p .
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SEM HV: 20.0 kV Date(m/d/y): 08/31/22 University of Johannesburg

(b)

Figure 4. (a,b) SEM micrograph of plantain peel biomass.
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Table 5. Elemental composition of PPB.

Elemental Composition
(wt%)

C Mg Al Si P S Cl K 0] Fe N

Plantain peel powder

23.71  0.07 0.03 0.13 0.25 0.16 0.94 6.88 67.05 0.22 0.57

3.7. Advantages and Limitations of This Study

This study is significant because it addresses two major challenges: agricultural waste
management and the need for sustainable energy resources. Firstly, it promotes the prin-
ciples of reduce, reuse, and recycle by valorizing agricultural waste, thereby supporting
the transition toward a circular economy and mitigating environmental pollution asso-
ciated with improper waste disposal. Secondly, it investigates the potential of PPB as a
feedstock for renewable energy production, which could help diversify energy resources
and reduce the risk of fuel supply shortages. The characterization and pyrolysis of PPB
provide important information on its physicochemical and thermal properties, thereby
establishing a scientific basis for assessing its energy potential and identifying appro-
priate thermochemical conversion pathways. However, this investigation is subject to
several limitations, including the lack of fully equipped laboratory facilities for compre-
hensive biomass characterization, pretreatment, and conversion into final energy products.
Furthermore, the costs associated with biomass collection, transportation, processing, char-
acterization, pretreatment, and subsequent conversion into bioenergy products represent
significant challenges.

4. Conclusions
The key findings are summarized as follows:

i.  Consumption of plantains generates substantial quantities of PPB. Without proper
management through recovery, recycling, and reuse, the accumulation of PPB may
contribute to environmental pollution.

ii.  The proximate and thermogravimetric analyses showed that the total combustible
component of PPB (% VM + %FC) is approximately 80%, indicating its significant
potential for energy production.

iii. The presence of O-H and C-H bonds in PPB further supports its suitability as a biofuel
feedstock. The O-H functional group suggests the presence of hydrated compounds,
while the C-H bond, characteristic of hydrocarbons, contributes to the heating value
of biomass and enhances its potential as an energy source.

iv.  SEM showed that PPB powder and ash particles exhibit diverse morphologies, in-
cluding oval, flaky, and irregular shapes, along with a porous surface texture. These
characteristics may influence particle flowability and packing factor.

Recommendation for future work
Future studies should focus on the conversion of PPB into biofuels and solid bioenergy
products, such as bioethanol and briquettes.
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