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ABSTRACT
The banana value chain in Uganda generates a wide range of waste biomass, yet its
suitability for thermochemical conversion remains largely unstudied. This study aimed
to characterise banana rhizome, pseudostem, peduncle and inflorescences from
Mbwazirume and Mpologoma cultivars in Uganda for potential use in thermochemical
conversion processes. These wastes were characterised for lignocellulosic, proximate,
elemental, and mineral composition, and higher heating value (HHV). Moisture con-
tent ranged from 9 to 14wt%, volatile matter 74-82%db, fixed carbon 12–17%db, and
ash content 3-13%db. Inflorescences exhibited the highest lignin content (15.23–
17.23%daf) and HHV (14.55–15.85 MJkg−1) across cultivars, suggesting higher suitabil-
ity for biochar production compared to its counterparts. However, inflorescences
exhibited the highest nitrogen content (2.47–2.56%daf), suggesting higher NOx emis-
sions potential. Inflorescences, rhizomes and peduncle exhibited higher ash content
(6–13%db) than pseudostem (3.35–3.85%db), suggesting increased risk of slagging
and fouling of heat transfer surfaces. Predominant mineral elements were found to be
K (15888–28363ppm), Ca (2000–9000ppm), Si (2000–9000ppm), and Mg (1120–
4928ppm), which can have catalytic functions during thermal decomposition. The low
fuel ratio (0.16–0.22) of the wastes suggested poor fuel properties. These properties
could be enhanced through torrefaction, making the wastes more suitable as sustain-
able feedstocks for biofuel production.

HIGHLIGHTS

� Banana plant wastes across banana cultivars were characterized.
� High volatile matter (74-82%db) suggested suitability for bio-oil and gas
production.

� Low lignin content (7-18%daf) suggested low biochar yields from the plant wastes.
� Low fuel ratio (0.16–0.22), high O/C ratio (0.69–0.71) and ash content (6.76–
12.08%db) suggested poor fuel properties.

� Torrefaction could enhance the fuel properties of the banana plant wastes.
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Introduction

The banana plant is a non-woody plant belonging to the genus Musa. The plant usually grows to a

height ranging from 0.8m to more than 7.5m [1]. It produces fruit only once a lifetime, requiring 10–12

months from planting to harvest [2]. The main component of the banana plant is its pseudostem, which

is cylindrical in nature, and composed of long fibres that strongly overlap leaf-petiole sheaths [1]. After

bearing the fruit, the pseudostem dies and is replaced by another pseudostem [2]. The portion of the

plant that generates the new pseudostem is referred to as the rhizome. About 30 large leaves, 30–60 cm

wide and up to 2m long, are produced in each plant [1]. Essentially, for every tonne of banana fruits
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harvested, over 4 tonnes of banana biomass are produced, with banana leaves accounting for 0.48
tonnes [3], pseudostems 3 tonnes [3], stalks 0.16 tonnes [3], peduncle 0.13 tonnes [4], banana peels 0.25
tonnes [5] and rejected fruits 0.1 tonnes [3]. Based on the residue-to-product ratio, Uganda generates
about 44.8 million tonnes of waste biomass, placing the banana value chain topmost in the country in
terms of biomass potential. While cultivators harvest banana fruits for food, other parts of the plant
have diverse applications. Fresh leaves, for example, are used for food packaging [6], composting [7]
and mulching [8], while pseudostems are used for plantation mulching [2,9], starch production [10], and
for the manufacture of ropes, textiles and paper [11]. On the other hand, peels and rejected fruits are
used as animal feed [8] and as a compost material [7]. However, the scale of these applications remains
limited, exacerbated by concerns over the spread of pests and diseases, such as bacterial wilt [8].
Consequently, a huge surplus of the waste biomass poses disposal challenges, prompting farmers to
openly dump and/or burn the waste, posing health and environmental concerns [12].

Thermochemical conversion processes such as torrefaction, pyrolysis, gasification and combustion
offer promising prospects for managing the surplus banana plant wastes sustainably. Compared to bio-
chemical conversion processes, thermochemical conversion processes offer greater efficiency and flexibil-
ity [13]. Thermochemical conversion processes involve decomposition of the organic waste fraction at
moderate to high temperatures with or without oxygen, producing solid, liquid and/or gaseous biofuels
[14]. Various banana plant wastes have been explored for thermochemical conversion into biofuels,
including banana peels [15–17]–[18], leaves [2,18–21], pseudostems [11,18, 22–24], rachis [25,26] and
fruit bunch waste [7,27]. While thermochemical processing offers better prospects, they require feed-
stocks with the requisite properties for successful conversion. For instance, the torrefaction process
requires biomass with a moisture content of �10wt% [28,29], while pyrolysis or gasification requires bio-
mass with a moisture content of 20-30wt% [30]. This helps to avoid several operational challenges, such
as high tar yields during pyrolysis [31], and the tar entrainment problem in gasifier-engine systems [32].
Moreover, a low moisture content avoids wastage of useful heat energy for drying of biomass [33].
Generally, in thermochemical conversion processes, biomass with a high fixed carbon content is pre-
ferred due to its higher energy density, which can lead to a higher energy throughput of a given con-
version system [34]. In pyrolysis, biomass with high lignin and carbon contents is desired for biochar
production due to higher biochar and carbon yields [18,35,36], while in gasification, biomass with a
higher volatile matter content is desired for syngas production due to higher gas yields [37,38].
Furthermore, in gasification, biomass with a higher fixed carbon content is required for replenishing the
char needed for thermal cracking of tar [39]. A low ash content �5-6%db is desired to avoid lowering
the heating value [32], alongside preventing operational problems like slagging, fouling, corrosion,
excessive tar formation, and blockage of the reactor [34,40]. These, and several other properties of
banana plant wastes need to be carefully evaluated prior to deployment of the wastes as feedstocks in
thermochemical conversion processes. However, the properties of banana plant wastes can vary widely
with banana cultivar, plant part, level of maturity, soil conditions, agronomic practices, and geographical
origin [41].

The lignin content of banana plant wastes varies from 5 to 38%db, hemicellulose 10-42%db, and cellu-
lose 10-70%db [11,18, 42–44], while volatile matter, fixed carbon and ash contents vary from 41 to 90%db
[42,45], 0.2-47%db [42,43] and 6-25%db [3,25], respectively. The carbon content varies from 35.65 to
41.30%daf in banana peels [18,46], 33.98-37.12%daf in fruit bunch waste [7], and 15.9-44.85%daf in
banana leaves [3,19–21, 42,45]. The hydrogen content varies from 4.90 to 6.19%daf in banana peels
[18,46], 4.02-5.65%daf in fruit bunch waste [7], 5.4-9.2%daf in banana leaves [3,19,20,42,45], 4.36–5.93%daf
in pseudostem [3,43,45]. Nitrogen content is low in pseudostems (0.38%daf) [3,45], leaves (0.58-0.98%daf)
[3,19, 21,45] and bunch waste (0.90%daf) [7], but relatively higher in fruit bunch waste (3.11%daf) [7], fruit
bunch stem (2.19%daf) [43], and banana peels (1.94%daf) [18]. Oxygen content varies from 45.94 to
53.80%daf in banana peels [18,46], 57.16%daf in fruit bunch stem [43], 41.4-73.4%daf in banana leaves
[3,19–21,42], and 46.80-55.37%daf in pseudostems [3,43].

Although a few studies have characterized banana plant wastes across cultivars [47,48], no study has
characterized multiple plant parts, including the rhizome, pseudostem, peduncle and inflorescences from
Mbwazirume and Mpologoma cultivars in Uganda for their suitability in thermochemical conversion proc-
esses. Therefore, this study set out to characterize these banana plant wastes for potential utilization in
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thermochemical conversion processes such as torrefaction, hydrothermal carbonization (HTC), pyrolysis,
gasification and combustion. These plant wastes were analyzed for lignocellulosic, proximate, elemental,
and mineral composition, as well as fuel ratio, heating value, oxygen functional groups, and thermal
behaviour. Although the thermochemical processes and pretreatment strategies were not experimentally
investigated, the results from this study provide a basis for future studies to experimentally validate the
banana plant wastes as sustainable biofuel feedstocks.

Materials and methods

Sample collection and preparation

Banana plant wastes from Mpologoma and Mbwazirume cultivars were sourced from Mukono Zonal
Agricultural Research and Development Institute (MuZARDI) located in central Uganda. MuZARDI is the
second largest ZARDI in terms of total annual banana production in the country [12]. The collected
waste samples from each banana cultivar included the rhizome, pseudostem, peduncle and inflores-
cence. Each of these samples was open sun-dried to a moisture content of 10–12wt%, milled to a par-
ticle size �250 mm and then stored in plastic containers until the time for analyses.

Characterization

The collected banana rhizomes, pseudostems, inflorescences and peduncles were characterised for ligno-
cellulosic composition, proximate composition, fuel ratio, elemental composition, mineral composition,
heating value, oxygen functional groups and thermal behavior (see Figure 1). The methods for each of
the analyses are described below.

Lignocellulosic composition
Lignin, hemicellulose and cellulose contents for each of the collected banana plant wastes were ana-
lyzed via neutral detergent fibre (NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL)
according to methods described by Van Soest et al. [49]. Hemicellulose content was obtained by sub-
tracting ADF from the NDF value, while the cellulose content was obtained by subtracting the ADL value
from the ADF value. The holocellulose content was then obtained as the summation of cellulose and
hemicellulose.

Proximate composition and fuel ratio
The banana plant wastes were analyzed for proximate composition, including moisture content, volatile
matter, fixed carbon and ash contents. This was achieved by using the thermogravimetric analyzer (TGA)
4000 Perkin Elmer. This involved heating about 2 g of the milled sample in the furnace of the thermog-
ravimetric analyzer from ambient temperature to 600 �C at a ramping rate of 20 �C min−1 under a nitro-
gen flow of 60mL min−1. At the same ramping rate, heating was continued up to 900 �C, but under an
airflow. This temperature was held constant for 3min until there was no further change in mass of the

Figure 1. Schematic diagram showing steps followed throughout the study.
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remaining residue. The different components in the biomass were determined as percentage weight
losses carefully determined from thermogravimetric curves of percent weight loss versus temperature.
The moisture content was obtained as weight loss due to dehydration of the waste biomass from room
temperature to temperatures ranging from 105 to 120 �C. Volatile matter content was obtained as
weight loss due to thermal degradation of the biomass at temperatures ranging from 120 and 600 �C.
Fixed carbon content was obtained as the weight loss due to combustion of the remaining organic
material at temperatures ranging from 600 to 900 �C. Ash content was obtained as the amount of resi-
due left after combustion of the organic material expressed as a percentage of the oven-dry biomass
sample.

The fuel ratio (FR) of each banana plant waste was determined according to Equation (1) [40].

FR ¼ Fixed carbon content
Volatile matter content

(1)

Elemental composition
The elemental components (C, H and O) for each of the banana plant wastes were determined from
their proximate compositions according to correlations given in Equation (2)-(4) [50].

C ¼ 0:637FC þ 0:455VMðwt%Þ (2)

H ¼ 0:052FC þ 0:062VMðwt%Þ (3)

O ¼ 0:304FC þ 0:476VMðwt%Þ (4)

where, FC and VM are fixed carbon and volatile matter contents, respectively, in wt%.
Nitrogen (N) content was determined separately using the Kjeldahl method [51]. This method is based

on the conversion of the fuel-bound nitrogen to ammonia (NH3), which is subsequently separated by
distillation and determined by titration using HCl solution and methyl red as an indicator. The sulphur
(S) content was then determined by difference.

Higher heating values
The higher heating values of the banana plant wastes were determined using a bomb calorimeter
(Model: C2000 basic, IKA Co., Germany) (see Figure 2). About 1 g of each sample was burnt in the pres-
ence of oxygen inside a sealed container and the heat released from combustion was measured by the
calorimeter.

Figure 2. The bomb calorimeter (Model: C2000 basic, IKA Co., Germany) used to determine the higher heating value of
the banana plant wastes.
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Mineral composition
The banana plant wastes were analyzed for mineral elements using the atomic absorption spectroscopy
technique. This involved digesting the samples with concentrated nitric acid and hydrogen peroxide
(30wt%), followed by aspiration of the resultant solutions directly on the atomic absorption spectrom-
eter (Agilent 240FS) for the determination of Na, Mg, Al, P, K, Ca and Fe. The powdered plant material
was also scanned using an X-ray fluorescence (XRF) spectrometer (Epsilon 1) for the determination of
silicon.

FTIR spectroscopy
Oxygen functional groups present on the surface of banana plant wastes were determined using a
Fourier transform infra-red spectrometer (model: TENSOR27, Bruker, Germany). The spectra were
obtained by scanning in the range of 4000-400 cm−1 at a resolution of 4 cm−1.

Thermal behaviour
Banana plant wastes from selected cultivars were further assessed for thermal behaviour following pro-
cedures by Menya et al. (2020). This involved heating about 10–15mg sample of each selected banana
plant waste in a thermal analyzer (4000 Perkin Elmer) from 25 to 800 �C at a heating rate of 25 �C min−1,
under N2 gas flow (50 mLmin−1), which provided an inert atmosphere. Thermogravimetric (TG) and dif-
ferential thermogravimetric (DTG) curves of percent weight loss (mass%) versus temperature (�C) and
percent rate of weight loss (mass%min−1) versus temperature (�C), respectively, were generated. From
the TG/DTG curves, important information about each sample was carefully obtained, including mass
losses that occurred in the different temperature zones, onset and offset temperatures, maximum ther-
mal degradation rates, as well as information about the lower and higher peak temperatures.

Results and discussion

Table 1 presents the lignocellulosic composition, proximate composition, elemental composition, and
higher heating values of banana rhizome, pseudostem, peduncle and inflorescence from Mpologoma
and Mbwazirume cultivars sourced from MuZARDI in Uganda. The discussion of results for each of these
parameters is presented in the subsequent sub-sections.

Lignocellulosic composition

Lignin
The inflorescence exhibited the highest lignin content among banana plant wastes within and across
cultivars (Table 1), followed by the rhizome, while the pseudostem and peduncle exhibited the lowest.
The Mbwazirume cultivar exhibited slightly lower lignin content across all plant wastes compared to
Mpologoma, suggesting potential varietal differences in composition. The lignin contents obtained in
this study are comparable to those reported in the literature, including 7.86%daf for pseudostem [52],
5–12%daf for pseudostem fibre [44], and 11.48%daf for inflorescence [52]. However, they are lower than
other reported values, such as 37.3%daf for pseudostem [43] and 14.25%daf for peduncle [53]. These
variations may be attributed to differences in banana variety, soil conditions, agronomic practices, sea-
son, and geographical origins [41]. Given the recalcitrance of lignin to thermochemical decomposition
and consequently its significant contribution to char formation, processes like torrefaction, HTC and pyr-
olysis would lead to higher char yields from inflorescence than from rhizome, pseudostem and peduncle,
which have lower lignin contents. Additionally, the higher lignin content of the inflorescence also sug-
gests a higher heating value compared to the other banana plant wastes (Table 1). However, the varia-
tions in heating value among plant wastes within and across cultivars were relatively small. According to
Jenkins et al. [54], lignin has a much higher heating value than other lignocellulosic components due to
its lower degree of oxidation.
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Hemicellulose
The hemicellulose content varied among the banana plant wastes within and across the cultivars
(Table 1). Within the Mpologoma cultivar, the rhizome exhibited the highest hemicellulose content
(29.06%daf), followed by the inflorescence (24.15%daf) and peduncle (23.28%daf), while the pseudostem
exhibited the lowest content (17.13%daf). In contrast, the Mbwazirume cultivar showed a different trend,
with the pseudostem exhibiting the highest hemicellulose content (28.31%daf), followed by the rhizome
(26.25%daf) and inflorescence (23.15%daf), while the peduncle exhibited the lowest content (16.26%daf).
These differences underscore the variability in banana plant wastes, influenced by genetic factors, envi-
ronmental conditions and agronomic practices [48]. The hemicellulose content of pseudostems within
and across cultivars was found to be within the range of 10–30%daf reported in the literature
[18,43,44,52]. For both cultivars, the hemicellulose content of the inflorescences was higher than
16.83%db reported in the literature [52]. The hemicellulose content of the peduncle from Mpologoma
(23.28%daf) was found to be higher than 19.83%daf reported in the literature [53], while that from
Mbwazirume (16.26%daf) was lower. Due to limited studies, the hemicellulose content of rhizomes could
not be compared with the literature, thus the findings from this study provide novel insights into the
characteristics of rhizomes for biofuel production.

The high hemicellulose contents exhibited by the rhizome and pseudostem from Mpologoma and
Mbwazirume, respectively, suggest that thermochemical processing of these wastes would result in a sig-
nificant loss of carbon as volatiles, contributing minimally to char formation [55]. This is due to the low
thermal stability of hemicellulose as compared to lignin [56]. However, thermal decomposition of hemi-
cellulose could contribute significantly to gas formation [57,58], as its weak chemical bonds facilitate
decomposition to micromolecular volatiles [58].

Cellulose
For the Mpologoma cultivar, the cellulose content was found to be nearly constant across the banana
plant wastes, particularly in the rhizome (18.21%daf) and pseudostem (18.15%daf) (Table 1). The ped-
uncle, on the other hand, exhibited the highest cellulose content (29.25%daf), followed by the inflores-
cence (20.06%daf). In contrast, the Mbwazirume cultivar exhibited greater variation, with the peduncle
exhibiting the highest cellulose content (42.16%daf), followed by the pseudostem (27.23%daf) and the
rhizome (28.13%daf), while the inflorescence exhibited the lowest (22.08%daf). For both cultivars, the
cellulose content of pseudostems, inflorescences and peduncles was lower than the contents reported
in the literature [18,43,44,52,53,59]. These variations across plant wastes and cultivars can be attributed
to factors discussed in Section 3.1.1

Although it is expected that the cellulose constitutes the major fraction of the plant cell wall [52],
some banana plant wastes contained more hemicellulose than cellulose (Table 1), a trend also reported
among some banana plant wastes [18,60]. Given the low thermal stability of cellulose [56], the high-cel-
lulose peduncle from Mpologoma and Mbwazirume would not be suitable for biochar production, as a
significant fraction of carbon would be lost as volatiles. Instead, their high cellulose content makes them
more suitable for bio-oil production [58].

Proximate composition and fuel ratio

Moisture content
The moisture content of banana plant wastes within and across cultivars is presented in Table 1. Within
the Mpologoma cultivar, the moisture content was nearly constant, ranging from 9.27wt% to 11.57wt%,
with the rhizome exhibiting the highest moisture content (11.57wt%), followed by the peduncle
(11.27wt%) and pseudostem (10.99wt%), while the inflorescence exhibited the lowest moisture content
(9.72wt%). Similarly, within the Mbwazirume cultivar, the moisture content was nearly constant, ranging
from 11.85wt% to 13.81wt%, with the pseudostem exhibiting the highest moisture content
(13.81wt%db), followed by the peduncle (12.71wt%), rhizome (12.05wt%), and inflorescence
(11.85wt%). In both cultivars, pseudostems exhibited moisture contents, consistent with those reported
in the literature [18,43, 52,59], but lower than 5.24wt% reported by Bueno et al. [61] for banana ped-
uncle. Similarly, the moisture contents of inflorescences were consistent with those reported in the
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literature [52,59]. However, due to limited data in the literature, no comparisons could be made for the
banana rhizome. Based on moisture contents, all the banana plant wastes were found to be suitable as
fuel for combustion systems, since the moisture content was within the limit �50wt% [62]. The banana
plant wastes were also found to be suitable for gasification, since their moisture contents lay within the
range 20–30wt% [30]. However, for application in pyrolysis and torrefaction, the inflorescence from
Mpologoma was the only waste type found to be suitable since its moisture content was �10wt%
[28,29]. Beyond these allowable limits, moisture content can have adverse effects on the performance of
biomass conversion systems. For instance, in downdraft gasifiers, a high moisture content could lead to
a tar entrainment problem, hindering the smooth operation of internal combustion engines for electri-
city production [32]. In pyrolysis systems, a high moisture content could lead to low char yields and
high tar yields [31]. In combustion systems, a high moisture content increases the volume of exhaust
gases, lowering the combustion temperature [63]. The reduced combustion temperature, in turn, hinders
the complete combustion of flammable substances. A high moisture content also lowers the heating
value of biomass, since useful heat energy is wasted on vaporization of moisture from the biomass [33].

Although banana plant wastes with high moisture content could be pre-dried prior to their deploy-
ment in thermochemical conversion systems, the energy requirement may be prohibitive, making the
conversion processes less economically viable [64]. Thus, to avoid the need for pre-drying of the banana
plant wastes and reduce energy costs, the wastes with a high moisture content can be pretreated via
hydrothermal carbonization, as biomass with a moisture content �80wt% is considered suitable for this
process [29]. Hydrothermal carbonization is applied under sub-critical conditions of water at mild tem-
peratures ranging from 180 to 250 �C, converting the wet biomass into hydrochar [65,66]. Hydrothermal
carbonization is not only associated with a low energy requirement, but also results in hydrochar with a
typically high calorific value, high energetic density, reduced sulphur content, improved combustion
properties and better dewatering performance compared to its raw counterpart [11,66].

Volatile matter
The volatile matter content of the banana plant wastes across cultivars is presented in Table 1. Within
the Mpologoma cultivar, the pseudostem exhibited the highest volatile matter content (80.84%db), fol-
lowed by the peduncle (77.38%db), rhizome (75.58%db), and inflorescence (74.09%db). Similarly, in the
Mbwazirume cultivar, the pseudostem exhibited the highest volatile matter content (81.72%db), followed
by the peduncle (79.45%db), inflorescence (77.71%db), and rhizome (72.78%db). These contents com-
pare well with those reported in the literature [11,18,43,47,53]. The high volatile matter content can be
attributed to the high cellulose and hemicellulose contents of the banana plant wastes (Section 3.1).
Thus, given their high volatile matter content, the banana plant wastes are suitable for thermochemical
conversion, where the focus is on gas and bio-oil yields rather than biochar production. With a volatile
matter content >10%db, the banana plant wastes are suitable for deployment in downdraft gasifiers
[32]. In addition, due to the high volatile matter content, less heat energy would be required for the
thermochemical reactions, allowing thermochemical processing of the banana plant wastes to occur at
relatively low temperatures [34]. However, since the wastes would be readily devolatilised, higher bio-oil
and gas yields would be expected than char yields.

Fixed carbon
The fixed carbon content of banana plant wastes varied across cultivars as shown in Table 1. Within the
Mpologoma cultivar, the highest fixed carbon content was observed in the inflorescence (16.14%db), fol-
lowed by the rhizome (15.71%db), pseudostem (15.32%db), and peduncle (13.09%db). Within the
Mbwazirume cultivar, the highest fixed carbon content was observed in the rhizome (15.14%db), fol-
lowed by the pseudostem (14.93%db), peduncle (13.79%db), and inflorescence (12.43%db). While the
variations among the banana plant parts and between cultivars were relatively small, the Mpologoma
cultivar generally exhibited higher fixed carbon content than Mbwazirume. The fixed carbon contents
were considerably higher than those previously reported for banana plant wastes, such as banana pseu-
dostem (0.2%db) [43], banana stalk (5.0%db) [11] and banana peels (2.70%db) [18]. However, they were
comparable to those of other biomass types, including banana peel (15.32%db) [48], banana rachis
(14.79%db) [48], pistachio shells (19.2%db) [67] and rice husks (19.9%db) [31]. As highlighted in Section
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3.1, these variations in composition can be attributed to differences in biomass type, variety, soil condi-
tions, agronomic practices, season and geographical origin [41].

In thermochemical conversion processes, biomass with a high fixed carbon content is preferred due
to its higher energy density, resulting in a higher energy throughput of a given conversion system [34].
A higher fixed carbon content also enables the replenishment of the char needed for thermal cracking
of the tar, particularly during gasification [39]. Given these attributes, the banana plant wastes from
Mpologoma cultivar were more suitable for biochar production than those from Mbwazirume.

Ash content
The ash content of banana plant wastes varied both within and across cultivars (Table 1). In the
Mpologoma cultivar, the inflorescence, peduncle and rhizome exhibited relatively similar ash content,
ranging from 8.71 to 9.76%db, while the pseudostem exhibited the lowest (3.85%db). In contrast, in the
Mbwazirume cultivar, the inflorescence exhibited the highest ash content (9.86%db), followed by the rhi-
zome (12.08%db), peduncle (6.76%db), and pseudostem (3.35%db). These variations can be attributed to
factors already cited in Section 3.1. Except pseudostem, the rest of the banana plant wastes exhibited
ash contents comparable to those reported in the literature, such as banana pseudostem (11.0%db) [43],
wet banana leaves (12.2%db) [42], banana peels (9.28%db) [18], banana peduncle (9.95wt%) [61],
banana peel (13.22%db) [48] and banana rachis (12.18%db) [48].

The relatively high ash content of rhizome, peduncle, and inflorescence indicates greater mineral
composition, which may cause operational problems during thermochemical processing. Potential issues
include slagging, fouling, corrosion, excessive tar formation, and blockage of the reactor [34,40]. To miti-
gate these problems and ensure smooth operation of conversion systems, it is preferable to pretreat the
biomass and lower its ash content to a permissible level. Some of the pretreatment methods include
water-washing [68], alkaline treatment [31], and hydrothermal carbonization [11]. However, if the banana
plant wastes with high ash content are to be used without pretreatment, then the reactor temperature
should be kept below 1000 �C to avoid the slagging tendencies [69]. In addition, careful selection of
reactor type can be crucial to avoid operational problems related to slagging tendencies. For example,
biomass that is prone to slagging is more suitable for downdraft gasification than updraft gasification. In
downdraft gasification, a lower tar content in the gas and lower temperatures at the grate help to
reduce ash slagging problems [34].

Fuel ratio
The fuel ratio varied slightly among banana plant wastes within and across cultivars, ranging from 0.16
to 0.22 (Table 1). These ratios are comparable to those reported for banana peels (0.21) [48] and rachis
(0.20) [48]. However, they are lower than those of low-rank coals, suggesting inferior fuel properties. For
instance, lignite and sub-bituminous coal have fuel ratios ranging from 1.9 to 21.0, and 3.4 to 20.3,
respectively [70]. The low fuel ratios of banana plant wastes suggest a high volatile matter content, lead-
ing to more flaming combustion and lower char yields [71]. To enhance their fuel ratios and achieve
fuel properties close to those of low-rank coals, these wastes can be pretreated via thermochemical
processes such as torrefaction, pyrolysis and hydrothermal carbonization.

Elemental composition

Carbon
The carbon content of banana plant wastes varied slightly within and across cultivars, ranging from
48.01 to 48.75%daf, constituting the major fraction of biomass (Table 1). These contents fall within the
typical range of 30–60%daf for biomass [54]. The contents are comparable to those reported in the lit-
erature for inflorescence (47.19%daf) [52], and pistachio shell (48.1%daf) [67]. However, they are higher
than those reported for banana pseudostem (37.93%daf) [43], banana stalk (33.0%daf) [11], wet banana
leaves (15.9%daf) [42], pseudostem (33.46%daf) [18] and rice husk (34.05%daf) [31]. The relatively high
carbon content exhibited by the different banana plant wastes is beneficial as it contributes to increased
heating value. According to Jenkins et al. [54], every 1% increase in carbon content increases the heating
value by about 0.39 MJkg−1.
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Hydrogen
Hydrogen is the second major combustible element after carbon, making its presence in the banana
plant wastes desirable for fuel applications [72]. The hydrogen content did not differ markedly within
and across cultivars, ranging from 6.02 to 6.06%daf (Table 1). These values are consistent with those
reported in the literature for banana plant wastes, such as pseudostems (6.44%daf) [18], leaves
(6.44%daf) [18], banana peels (6.19%daf) [18], inflorescence (3.21%daf) [52] and banana stalk (4.3%daf)
[11]. They also fall within the range of 3-11%daf, typical of biomass [72]. Given the slight variation in
hydrogen content, the selection of these wastes for fuel applications becomes somewhat facile.

Oxygen
The oxygen content of banana plant wastes varied slightly within and across cultivars, ranging from
44.52% to 45.49%daf (Table 1). These values are consistent with those reported in the literature for
banana plant wastes, such as inflorescence (43.08%daf) [52], pseudostem (49.94%daf) [18] and peels
(46.64%daf) [47]. However, the values were considerably lower than those reported for banana stalk
(60.50%daf) [11], pseudostem (55.37%daf) [43], and leaves (73.40%daf) [42]. These variations arise due to
factors described in Section 3.1. The relatively high oxygen content, characteristic of lignocellulosic bio-
mass [73], affects combustion properties by reducing the heating value [12] and a generating substantial
amount of flue gases during combustion [74]. Unlike fossil fuels which have much lower oxygen content
[73], banana plant wastes may require upgrading through torrefaction at temperatures �300 �C to
reduce the oxygen content and enhance fuel properties [75]. During torrefaction, biomass undergoes
deoxygenation, releasing oxygen in the form of CO2, CO, and H2O [76].

Sulphur
The sulphur content of banana plant wastes varied slightly within and across cultivars, ranging from
0.69% to 0.71%daf (Table 1). These values were slightly higher than those reported for banana plant
wastes, such as pseudostem (0.37%daf) [43], inflorescence (0.17%daf) [52], leaves (0.05%daf) [42], peels
(0.-30-0.36%daf) [47] and stalk (0.30%daf) [11]. However, the values were relatively low compared to fos-
sil fuels, which typically contain higher sulphur levels [77]. The low sulphur content is advantageous for
fuel applications, as it reduces the risk of SOx emissions, which otherwise lead to equipment corrosion,
acid rain formation, and other environmental issues [77]. Given this favourable characteristic, banana
plant wastes can be considered a cleaner alternative to high-sulphur fossil fuels for fuel application.

Nitrogen
The nitrogen content of banana plant wastes varied across cultivars as shown in Table 1. In both culti-
vars, the inflorescence exhibited the highest nitrogen content, which was almost constant, ranging from
2.47 to 2.56%daf. Similarly, in both cultivars, the rhizome and pseudostem exhibited similar nitrogen lev-
els, ranging from 0.72 to 0.79%daf. The peduncle exhibited the lowest nitrogen content in both cultivars,
with Mpologoma exhibiting 0.63%daf, while Mbwazirume exhibited 0.21%daf. Aside from the inflorescen-
ces, nitrogen levels were lower than those reported for banana pseudostem (1.87%daf) [43], inflores-
cence (1.96%daf) [52], leaves (1.40%daf) [42], stalk (1.90%daf) [11], and peels (1.94%daf) [18], but higher
than those reported for banana peel (0.23-0.41%daf) [47] and pseudostem (0.80%daf) [18]. These varia-
tions are due to factors discussed in Section 3.1. Given the high nitrogen content of inflorescence, its
thermochemical processing could result in higher NOx emissions than banana plant wastes with lower
nitrogen levels. Pretreatment via torrefaction could help mitigate NOx formation by reducing nitrogen
content through volatilization [48].

H/C And O/C ratios

Hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) atomic ratios provide insights into biomass
reactivity and calorific value in thermochemical processes [48]. Essentially, biomass with a higher carbon
content releases more energy during combustion due to the high-energy content of C-C bonds com-
pared to O-H, C-H or C-O bonds [78]. Therefore, lower H/C and O/C ratios are preferred for better fuel
properties. The H/C ratios of banana plant wastes were consistent across cultivars, ranging from 1.47 to
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1.50, with corresponding O/C ratios, ranging from 0.69 to 0.71 (Table 2). The H/C ratios were relatively
lower than those reported for banana pseudostem (1.71) and rachis (1.74). The O/C ratios were close to
the ratio reported for banana pseudostem (0.66), but lower than that exhibited by banana rachis (0.90)
[48]. The relatively high H/C and O/C ratios confirm that banana plant wastes are inherently poor in fuel
properties compared to low-rank coals such as lignite and sub-bituminous with O/C ratios as low as 0.22
and 0.17, respectively [70]. Given these high ratios, banana plant wastes need pretreatment before being
used in combustion, pyrolysis or gasification. Torrefaction is a potential pretreatment method that can
lower the O/C and H/C ratios, enhancing the fuel properties of the biomass to levels comparable to low-
rank coal [40].

Higher heating value

The HHV of banana plant wastes varied slightly across cultivars, ranging from 13.48 to 15.85 MJkg−1

(Table 3). The Mpologoma cultivar exhibited slightly higher HHV than Mbwazirume across most compo-
nents, except for the peduncle. Though minor, these variations suggest that cultivar differences can
influence fuel quality. In both cultivars, the inflorescence exhibited the highest HHV at 15.85 and 14.55
MJkg−1, respectively, suggesting its higher energy content, possibly due to its relatively high lignin con-
tent [54]. These HHV values are comparable to those reported for banana pseudostem (15.50 MJkg−1)
[43], banana stalk (15.60 MJkg−1) [11], and banana peels (16.5 MJkg−1) [18], but higher than those
reported for wet banana leaves (5.5 MJkg−1) [42]. The observed variations can be attributed to factors
discussed in Section 3.1. Given their relatively low HHV compared to fossil fuels [79], pretreatment meth-
ods such as torrefaction could enhance the HHV of the banana plant wastes prior to deployment in
thermochemical processes such as pyrolysis and gasification.

Biomass selection

From the earlier sections of this article, it can be seen that banana plant wastes from Mpologoma were
best suited for biochar production due to their relatively higher lignin and fixed carbon contents, while
the pseudostems from Mbwazirume were the most suitable due to their relatively higher hemicellulose
content and considerably low ash content, enabling thermochemical processing with minimal risks of
slagging and fouling. For bio-oil production, plant wastes from Mbwazirume were best suited for bio-oil
production due to their relatively higher cellulose content compared to Mpologoma. Despite these dis-
tinctions, the banana plant wastes from both cultivars exhibit relatively low fuel ratios and high H/C and
O/C ratios, indicating poor inherent fuel properties. To enhance their suitability for combustion, pyrolysis,
and gasification, pretreatment through torrefaction is necessary. This process enhances the fuel ratio,
lowers H/C and O/C ratios, increases the heating value, and minimises NOx and SOx emissions. Given
the greater prospects of plant wastes from Mpologoma for biochar production compared to
Mbwazirume, the subsequent sections of this article focus on further thermochemical analyses of the for-
mer, including mineral composition, oxygen functional groups, and thermal behaviour.

Table 2. H/C And O/C ratios for different banana plant wastes across mpologoma and mbwazirume cultivars.

Parameter

Mpologoma cultivar Mbwazirume cultivar

Rhizome Pseudostem Peduncle Inflorescence Rhizome Pseudostem Peduncle Inflorescence

H/C ratio 1.48 1.49 1.50 1.47 1.48 1.49 1.50 1.50
O/C ratio 0.69 0.70 0.70 0.69 0.69 0.70 0.70 0.71

Table 3. HHV in MJkg−1 for different banana plant wastes across mpologoma and mbwazirume cultivars.
Mpologoma cultivar Mbwazirume cultivar

Rhizome Pseudostem Peduncle Inflorescence Rhizome Pseudostem Peduncle Inflorescence

14.16 14.56 13.48 15.85 13.65 13.86 13.94 14.55
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Mineral composition

The distribution of mineral elements significantly impacts the performance of thermochemical conver-
sion systems. Table 4 shows the mineral composition of banana plant wastes from Mpologoma cultivar.
The predominant mineral elements were found to be K, Ca, Si and Mg with concentrations ranging from
15888 to 28363 ppm, 8164–24630 ppm, 2000–9000 ppm and 1120–4929 ppm, respectively. These concen-
trations are close to those reported by Ramu et al. [52], but relatively higher than those reported by
Kumari & Tiwari [80]. The significant differences may have to do with variability in banana plant species,
growth conditions, maturity stage and differences in geographical origin [80]. High levels of K and Ca in
biomass can lead to ash-related problems such as fouling, slagging, and corrosion of heat transfer surfa-
ces, as these elements lower the ash melting point [40]. Additionally, elements such as Mg, K, Na, Fe
and P contribute to the emission of particulate matter, including harmful dioxins and furans, during
thermochemical decomposition [40,81]. To mitigate these challenges, pretreatment of banana plant
wastes before their deployment in thermochemical conversion processes is recommended. Specifically,
water washing can be employed to reduce the level of the ash-forming elements in the banana plant
wastes, thereby minimizing the risk of ash-related issues [82]. This process is of low cost and is effective,
with removal efficiencies ranging from 60 to 90%, depending on the type of mineral element, leaching
temperature and time [83].

Oxygen functional groups

Figure 3 shows the FTIR spectra of rhizome, pseudostem, peduncle and inflorescence from Mpologoma
cultivar. The banana plant wastes exhibited similar FTIR spectra, suggesting the presence of similar sur-
face functional groups. The prominent bands around 3320-3301 cm−1 can be attributed to the stretching
vibrations of -OH functional groups arising from physically adsorbed moisture [84], as well as hydrogen-
bonded –OH groups in the phenolic structure of lignin and aliphatic structure of cellulose and hemicel-
lulose [85,86]. The obvious bands around 2908-2900 cm−1 correspond to the CH stretching vibration in
the aromatic methoxyl group, and methyl and methylene groups [85]. The weak band observed around
2338-2244 cm−1 could not be unambiguously assigned to stretching vibrations of nitrile (C�N) or alkyne
(C�C) groups [87,88], since such groups are not characteristic of raw biomass. This band was also not
obvious in some of the banana plant wastes, particularly the pseudostems. The band around 1615-
1590 cm−1 can be attributed to C¼C and C¼O vibrations in aromatic structures [87,89], confirming the
presence of lignin across the banana plant wastes. The band around 1380-1345 cm−1 can be attributed
to C-O stretching vibrations of syringyl ring units [90], O-H deformation [91] and C-H deformations

Table 4. Mineral composition of banana plant wastes from mpologoma cultivar.

Mineral element (ppm)

Banana plant wastes

Rhizome Pseudostem Peduncle Inflorescence

Na 192 217 235 261
Mg 3091 2184 1120 4929
Al 744 5 531 182
Si 2000 2000 2000 9000
P 273 32 299 75
K 18894 15888 19788 28363
Ca 15660 18780 8164 24630
Fe 477 186 192 579
Reference This study This study This study This study
Other studies
Na – 20 1100 18340
Mg – 1550 – 23550
Al – 7.67 – 18.43
Si – – – –
P – 2090 750 4100
K – 10630 39000 51290
Ca – 4010 550 10650
Fe – 30.65 – 405.50
Reference – [52] [61] [52]
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[89,92]. The band around 1039-1020 cm−1 can be attributed to the C–O stretching vibration of alcohol,
phenol, ester or ether groups in the biomass [89,93,94].

Thermal behaviour

The TG/DTG curves in Figure 4 illustrate the thermal behaviour of different banana plant wastes from
Mpologoma, including rhizome, pseudostem, peduncle and inflorescence. The curves reveal three tem-
perature zones of thermal decomposition, typical of lignocellulosic biomass. Similar TG/DTG curves were
obtained for banana pseudostem [24]. The description of each temperature zone is given in sub-sections
3.9.1 to 3.9.3.

Figure 3. FTIR spectra for rhizome, pseudostem, peduncle and inflorescence from Mpologoma cultivar.

Figure 4. TG and DTG curve for (a) banana rhizome, (b) banana pseudostem, (c) banana peduncle and (d) banana
inflorescence from Mpologoma cultivar.
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Temperature zone I
The first temperature zone spans from room temperature to approximately 150 �C, resulting in a mass
loss ranging from 9.70 to 14.11wt%, depending on the type of banana plant waste (see Figure 4). This
mass loss has to do with the evaporation of the physically adsorbed water from the banana plant wastes
[56]. Depending on the banana plant waste, the first zone further extended to about 240-262 �C, with
slight mass losses (4.06–8.11wt%) likely due to the release of light volatiles. These slight mass losses
also suggest that the organic components of the banana plant wastes are still thermally stable within
this temperature range [56].

Temperature zone II
In the second temperature zone, major decomposition commenced at temperatures ranging from 240
to 261 �C to 354-380 �C, with mass loss ranging from 31 to 47wt%, depending on the banana plant
waste type (see Figure 4 and Table 5). Based on the initial decomposition temperature, banana inflores-
cence (240.0 �C) was found to be the least thermally stable, followed by pseudostem (248.1 �C), peduncle
(259.2 �C) and rhizome (261.3 �C). The mass losses within this temperature zone have to do with the
decomposition of hemicellulose and cellulose, and to a lesser extent lignin, occurring at temperatures
ranging from 100 to 380 �C, 250-380 �C and 180-900 �C, respectively [95]. The decomposition of hemicel-
lulose at a lower temperature range is due to the presence of acetyl groups in its amorphous and ran-
dom structure with many branched units, which renders it less thermally stable [96]. In contrast, the
decomposition of cellulose at a higher temperature is due to its partly crystalline structure made of
ordered microfibrils, which renders it more thermally stable than hemicellulose [97]. Based on the offset
temperature (Toffset), the minimum temperature for thermochemical decomposition of rhizome, pseudos-
tem, peduncle and inflorescence was found to be 357.6, 364.9, 354.2 and 380.0 �C, respectively. At these
temperatures, most of the volatiles are released from the biomass, leaving behind char with relatively
good fuel properties.

Variations in mass loss across banana plant wastes were expected due to the differences in cellulose,
hemicellulose, and lignin contents (Table 1). However, from the DTG curves for the different banana
plant wastes, the low-temperature shoulder peaks were not obvious (Figure 4), making it difficult to find
the lower peak temperature at which maximum thermal degradation of the hemicellulose occurred.
While some researchers have associated this phenomenon with low hemicellulose content in biomass
[98], this assertion could not be confirmed as all banana plant wastes exhibited high hemicellulose con-
tents (Table 1). A plausible explanation is that the low-temperature shoulder peak of hemicellulose over-
lapped with that of cellulose due to the presence of less reactive components, such as glucomannan
and arabinogalactan, which delayed the thermal decomposition of hemicellulose, causing it to coincide
with that of cellulose [98]. Similar trends were observed in the thermal decomposition of rice husks [99].
The maximum thermal decomposition of cellulose was depicted by the higher temperature peaks rang-
ing from 294.93 to300.10 �C, depending on the banana plant waste type (Table 5).

The DTG evolution profiles within the second temperature zone exhibited a narrow range of peak
positions (295-300 �C) (Table 5), indicating comparable reactivity across banana plant wastes. Since the
temperature corresponding to peak height is inversely proportional to reactivity [100], the rhizome dem-
onstrated a slightly higher reactivity, followed by the pseudostem, inflorescence and peduncle.

Temperature zone III
In the third temperature zone, thermal degradation commenced at temperatures ranging from 352 to
380 �C, and was completed at 850 �C (see Figure 4 and Table 6). Within this zone, mass loss was highest
with thermal degradation of banana inflorescence (26.03wt%), followed by banana rhizome (25.57wt%),
banana peduncle (24.33wt%), and then banana pseudostem (22.91wt%) (Table 6). On the DTG curve
(Figure 4), this zone is represented by a relatively flat trailing section, which has to do with the slow
decomposition of lignin over a wide temperature range [101]. Mass loss in this zone may also be attribu-
ted to further decomposition of carbon residues formerly produced at the lower decomposition temper-
atures [56]. The residual weight at 850 �C was char, with yields of 26.99, 19.51, 18.57 and 15.72%db
resulting from thermal degradation of inflorescence, peduncle, rhizome and pseudostem, respectively
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(Table 6). The high char yield due to thermal degradation of the inflorescence further affirms its promis-
ing prospects for biochar production.

Limitations and future research

This study involved characterization of banana rhizomes, pseudostems, peduncles and inflorescences
from Mbwazirume and Mpologoma sourced from Mukono ZARDI in Uganda. As such, the findings in this
study may not be generalizable to other cultivars such as Nakitembe, Ntika, Musakala, and Kisansa, or to
banana plant wastes from other agroecological zones. The variations in banana species, climate, soil con-
ditions, and agronomic practices could influence the biomass characteristics [41]. Additionally, the study
did not explore pretreatment strategies to enhance fuel properties of banana plant wastes.
Thermochemical conversion of the plant wastes was also not carried out to ascertain biofuel yield and
quality under specific conversion processes such as pyrolysis and gasification. Future studies should
extend characterization to a broader range of banana cultivars, plant wastes and agroecological zones
to inform a robust criterion for selection of banana plant wastes for biofuel production. Future studies
should also investigate pretreatment strategies, as well as conduct thermochemical conversion experi-
ments to gain insights into the practical suitability of selected banana plant wastes for biofuel
production.

Conclusion

In this study, banana rhizome, pseudostem, peduncle and inflorescences from Mbwazirume and
Mpologoma banana cultivars were characterized for potential utilization in thermochemical conversion
processes. Moisture content of the plant wastes ranged from 9.72–13.81wt%, suggesting that pre-drying
of the wastes would be necessary prior to torrefaction or pyrolysis. Volatile matter content ranged from
74.09 to- 81.72%db, suggesting that the plant wastes can be used for bio-oil and/or gas production.
Inflorescences exhibited the highest nitrogen content (2.47-2.56%daf), suggesting higher potential for
NOx emissions. Inflorescences also exhibited the highest higher heating value across cultivars (14.55–
15.85 MJkg−1) compared to rhizome (13.65–14.16 MJkg−1), pseudostem (13.86–14.56 MJkg−1) and ped-
uncle (13.48–13.94 MJkg−1). While pseudostems exhibited a relatively low ash content across cultivars
(3.35-3.85%db), the rhizomes, peduncle and inflorescences exhibited higher ash contents ranging from
8.71–12.08, 6.76–9.53, and 9.76-9.86%db, respectively. This high ash content poses operational risks such
as slagging and fouling of heat transfer surfaces. The predominant mineral elements in the wastes were

Table 5. Important results of the TGA derived from the TG/DTG curves for banana plant wastes from Mpologoma
cultivar.

Banana plant waste

TG/DTG parameters within temperature zone II

Tonset- Toffset (
oC) Mloss,2 (wt%) Them (oC) DTGpeak temp (oC) Rpeak temp (%min-1)

Rhizome 261.3-357.6 38.33 � 294.9 0.1622
Pseudostem 248.1-364.9 46.67 � 297.9 0.8522
Peduncle 259.2-354.2 41.19 � 300.1 0.7064
Inflorescence 240.0-380.0 31.54 � 299.0 0.4131

Note: 1) Tonset- Toffset is the temperature range corresponding to the second temperature zone, where major thermal decomposition occurred,
2) Tonset and Toffset are the temperatures at which devolatilisation of the banana plant wastes were considered to start and complete,
respectively, 3) Mloss,2 is the mass loss in the second temperature zone, 4) Them is the lower peak temperature at which maximum thermal
degradation of the hemicellulose occurred, 5) DTGpeak temp is the higher peak temperature at which maximum thermal degradation of the
cellulose occurred, 6) Rpeak temp is the maximum thermal degradation rate corresponding to the DTG peak temperature, and 7) � implies the
low-temperature shoulder of the rice husk variety was not obvious.

Table 6. Important results of the TGA derived from the TG/DTG curves for banana plant wastes from Mpologoma
cultivar.
Banana plant waste Temperature zone III Mloss,3 (wt%) Residual weight at 850 �C (%db)

Rhizome 356.6-850 25.57 18.57
Pseudostem 363.0-850 22.91 15.72
Peduncle 352.4-850 24.33 19.51
Inflorescence 380.0-850 26.03 26.99

Note: Mloss,3 is the mass loss in the third temperature zone.
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found to be K (15888–28363 ppm), Ca (2000–9000 ppm), Si (2000–9000 ppm), and Mg (1120–4928 ppm),
which could have catalytic functions during thermal decomposition. However, the level of mineral ele-
ments may need to be reduced to allow smooth operation of the thermochemical conversion systems.
The low fuel ratio (0.16–0.22) and high H/C ratio (1.48–1.50) and O/C ratio (0.69–0.71) of the plant
wastes suggest poor fuel properties, which could be enhanced through torrefaction. Overall, for biochar
production, the lignin levels are lower than ideal for economic viability, despite inflorescence being com-
paratively higher (15-17%). To enhance the economic viability of thermochemical conversion of banana
plant wastes, co-production of biochar with syngas and/or bio-oil should be prioritized.
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