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ABSTRACT

In the present study, hydrothermal carbonization (HTC) of banana peel waste, show-
ing a moisture content of 85 wt%, was carried out in a 500 mL stirred stainless steel
autoclave at a temperature ranging between 180 and 250°C, for a residence time of
0.5 h. The reaction solid residue was recovered via vacuum filtration and washed with
distilled water before drying it in a ventilated oven at 105°C, until constant weight,
and stored in 50 mL plastic vials, before analytical characterization. Banana hydro-
chars were characterized in terms of proximate, elemental analysis, FTIR and high
calorific value (HHV). Hydrochar mass yield showed a maximum at 220°C (32 wt%),
while gas and liquid mass yields increased monotonically with reaction temperature,
up to 70 and 2 wt%, respectively. HHV increased with reaction temperature up to
27.13 MJ/kg, corresponding to an energy densification ratio EDR of about 169%.
Mass yield and energy properties of banana hydrochar prove that a HTC treatment
carried out at 250°C for 0.5 h is able to produce a valuable solid biofuel showing the
characteristics of lignite.

1. INTRODUCTION

The urgent need for a sustainable and green production
of thermal energy and electricity by renewable sources
exploitation, has boosted, in the last few years, the seek
for a clean technology to address the climatic challenge
and ensure reliable energy solutions (Cotana et al., 2014;
Ibarra-Gonzalez and Rong, 2019; Shen, 2020). An adequate
thermochemical valorization of waste biomass, globally
available in large quantities, may accelerate the transition
from fossil fuels to carbon neutral energy systems, reducing
both greenhouse gas emissions and waste generation
(Lee et al., 2020; Nunes et al., 2020). Between the different
technologies investigated in the last decades for the energy
exploitation of waste biomass, thermochemical treatments
such as pyrolysis and gasification have received high
attention due to the possibility of producing energy carriers,
either solid (bio-char), liquid (bio-oil) and gaseous (syn-
gas), potentially capable to substitute the mineral fuels
(R. Volpe et al., 2016). Unfortunately, the majority of waste
biomass has high moisture content (often higher than 50%
by weight) that limits the use of such dry thermochemical
technologies, given the high energy costs associated with
the removal of water before the substrate processing
(Messineo et al., 2012; Messineo and Panno, 2008).

More recently, hydrothermal carbonization technology
(HTC) has shown the high potential for transforming high
moisture waste biomass into a carbon and energy dense
material, named hydrochar, with energy characteristics
close to the pyrochar (Picone et al., 2021). HTC allows to
convert wet biomass in closed reactors and in the presence
of additional water at subcritical conditions (180-250°C and
10-50 bar), for a residence time from few minutes to several
hours, with high energy efficiency (Becker et al., 2019).
Compared to the above mentioned dry thermochemical
treatments, HTC ensures several advantages, mostly
related to the significant energy saving, due the absence
of a biomass pre-drying step, the higher conversion degree
at milder reaction conditions, and the generation of solid
products with a very low ash content (Heidari et al., 2019;
Rodriguez Correa et al., 2018). During HTC, subcritical
water plays a crucial catalytic role, as it promotes the
splitting of the highly heterogeneous lignocellulosic
macromolecules by hydrolysis. The generated soluble
biomass fragments are then involved into a multiphase and
intricate network of competing reactions, with dehydration,
decarboxylation, poly-condensation, and aromatization
recognized as the main conversion pathways (Wang et al.,
2018). Dehydration and decarboxylation lead to a notable
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reduction of oxygenated species in the initial feedstock,
substantially increasing the carbon content in the final
solid product, while poly-condensation and aromatization
govern the hydrochar forming mechanism by liquid-to-solid
and solid-solid (pyrolysis-like) reactions (Ischia et al., 2024;
Wu et al., 2025).

In the past years, HTC has been successfully employed
for the treatment of a wide range of feedstocks, such
as food waste, sewage sludge, residues from the
agro-inudstrial sector, and plastic substrates, largely
showing to be a valid solution within the realm of waste
management and the production of valuable bio-derived
materials with immense potential in both energy and
environmental applications (Volpe et al., 2020). Numerous
scholars investigated the potential use of hydrochar
for the generation of clean thermal energy by direct
combustion, observing promising performances due to
the high energy density (higher heating value in the range
of 20-28 MJ/kg), higher thermal stability compared to
raw feedstock, prevention of fouling and slagging due
to the low ash content, and reduced harmful emissions
compared to coal combustion (Wang et al., 2018; Wilk
et al., 2020). Tunability of hydrochar properties (surface
area, pore structure, surface functionality, and chemical
composition) by simply adjusting HTC parameters, allowed
for the optimization of its electrochemical performances
in specific energy storage applications (Zhou et al., 2021).
As well documented in literature, hydrochar has been also
effectively used for water remediation, by removing heavy
metals and organic persistent pollutants, soil amendment,
and carbon sequestration (Regmi et al., 2012; Wu et al.,
2025).

Until now, extensive work has been dedicated to
studying the influence of feedstock nature, in combination
with the operating conditions (reaction severity, starting
biomass concentration, use of catalysts, etc), on the
process outputs, in terms of mass yield and physico-
chemical properties, and therefore on their suitability
for specifically selected applications (Hedin and Kruse,
2020; Sharma et al., 2020). Nevertheless, further research
activity is essential not only for the advancing of scientific
knowledge and a complete understanding of the process
fundamentals, but also for optimizing and tailoring the
conversion toward HTC products with perfectly controlled
and desired features (Ischia et al., 2024).

In the present study, we report novel results regarding
banana peel waste energy upgrading via HTC at the
temperature range of 180-250°C. The produced hydrochars
were analytically characterized to measure the energy
densification and observe the evolution of proximate,
elemental composition, and chemical functionality,
after the thermochemical treatment. This work clarly
demonstrates the huge potential of HTC to efficiently
handle wet agro-waste biomass and convert it into an
energy-dense material that might be used as an alternative,
carbon neutral solid fuel, contributing to the reduction
of fossil fuels exploitation and to the development of a
circular bioeconomy.

2. MATERIALS AND METHODS
2.1 Sample preparation and experimental procedure

Banana peel waste (BPW) was used as feedstock for
the HTC treatment. BPW represents a typical agro-food
waste and was collected as a food residue of kitchen and
restaurant. Fresh BPW was ground by using a knife miller
to provide completely homogeneous pulp composition
with a reproducible size reduction. The so obtained pulp
was portioned and stored in sealed plastic bags in a
freezer at -20°C, before their use. The sample was slowly
left defrosting down to room temperature, before each HTC
experiment. A sample of as above prepared feedstock was
dried in a ventilated oven at 105°C until constant weight
to quantify the moisture content (MC); BPW showed a MC
value of 85.0 + 0.2 wt%.

BPW defrosted wet feedstock, without pre-treatment
(Volpe et al., 2022), was hydrothermally carbonized in a 500
mL stainless steel batch reactor with stirring (200 rpm) at
the temperatures of 180, 220 and 250°C with a residence
time of 0.5 h. For each experiment the reactor was loaded
with approximately 300.0 g of wet BPW (corresponding
to 45 g of dry sample) and 200.0 g of distilled water
(DW), to reach a prefixed biomass to water mass ratio
(B/W) of 0.1. After loading the feedstock, the reactor was
vented with pure nitrogen (Alphagaz 1, Airliquid™) and
the reaction temperature set at the desired temperature.
When the conversion time, at set temperature, has passed,
the reactor was cooled down to room temperature by
a cooling water circulating system, allocated inside the
reactor. The gas phase produced was flowed, through an
outlet valve, into a graduated cylinder filled with water,
and its mass was evaluated applying the ideal gas law,
assuming atmospheric pressure, temperature of 30°C and
CO, as the sole gaseous product. Indeed, it was seen that
the typical CO, molar fraction in HTC gas is higher than
0.90, with minor traces of other species such as CO, H, and
CH, (Picone et al., 2021). The hydrochar was separated
from HTC process water (PW) by vacuum filtration and
dried at 105°C until constant weight prior to mass yield
determination. All experimental tests were performed at
least three times to evaluate the deviation of data and
ensure reproducibility (the results were considered valid if
standard deviation < 2.0%).

2.2 Analytical methods and calculation

Composition and energy content of raw feedstock and
hydrochars were evaluated by proximate analysis and higher
heating value (HHV) measurement, respectively. Proximate
analysis was carried out by a LECO Thermogravimetric
Analyser TGA 701 (following ASTM D7582-15 standard
method). Approximately 400 mg of each solid sample
was used to quantify volatile matter (VM), ashes (ash) and
fixed carbon (FC) as follows: 5°C/min ramp to 105°C in air,
held until constant weight (<20.05%) to remove moisture
in open crucibles; 16°C/min ramp from 105 to 900°C, hold
time 7 min, in nitrogen and covered crucibles to determine
VM as the mass lost; natural cooling down to 500°C in
nitrogen; 30°C/min ramp in air to 800°C and isothermal
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until constant weight in open crucibles to evaluate ASH as
the remaining mass. FC was estimated by subtracting VM
and ash percentages from 100%.

Elemental analysis was carried out using a CHN LECO
828 series element analyzer using argon as carrier gas and
EDTA as calibration standard.

A calorimeter LECO AC500 was used to measure HHVs
according to the CEN/TS 14918 standard. FTIR analysis
was carried out on the raw material and corresponding
hydrochars samples using a Shimadzu IR Tracer
spectrometer in mid-IR mode, equipped with a Universal
ATR sampling device containing diamond/ZnSe crystal.
The spectra were recorded in the range from 600 to 4000
cm”, with a resolution of 4 cm™, by averaging 64 scans,
baseline corrected and normalized. The hydrochar mass
yield (MY, ) was calculated through Equation 1, where
m,. is the mass of hydrochar (d.b.) collected after the
conversion and m__ is the mass (d.b.) of solid starting
material.

MYHC = mHC mraw (1)
Similarly, gas mass yield (MY,,.) was evaluated through
Equation 2.

MY =m_/m

gas gas’ raw (2)

PW mass yield (MY,,) was calculated by difference
through Equation 3.

MY, =1-MY, - MY, 3)

The fuel ratio (FR) was defined as the mass yield ratio of
FC to VM to measure the carbonization degree of resulting
hydrochar:

FR=FC/VM 4)

The energy yields (EY) were calculated by Equation 5

to evaluate the energy retention efficiency in the hydrochar
after the biomass HTC conversion.

EY = (HHV, /HHV_ ) MY,

raw-
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3. RESULTS AND DISCUSSION
3.1 Mass yields of BPW HTC residues

Figure 1 shows the mass yields of banana HTC
residues. As predictable, gas mass yield slightly increased
with HTC reaction temperature, reaching the maximum
value of 1.7%, at 250°C. Indeed, since gas formation during
the hydrothermal treatment is highly endothermic, it was
promoted with the increase of reaction severity, coherently
with other studies reported in literature (Wang et al., 2018).
Conversely, the hydrochar mass yield did not follow a
monotonic behaviour in terms of final mass recovered, with
the maximum value (~ 32%) reached at 220°C.

The majority of HTC studies report a monotonic
decrease of hydrochar mass yield with the increase of
operating temperature, which is ascribed to the dominant
hydrolysis and devolatilization of starting feedstock over
the formation of stable hydrochar structures (Wang et
al., 2020, 2018). However, in some cases, the hydrochar
production could be enhanced by increasing the thermal
energy supplied to the reactive multiphase mixture inside
the reactor. As well known, temperature is the most
influential factor in HTC and can indeed significantly
affect the conversion pathways leading to solid products
(Sharma et al., 2020). HTC relies on a complex and intricate
network of both parallel and consecutive reactions that
include the formation of solid particles at solid-solid and
liquid-solid interfaces (Fu et al., 2025). On the one hand, the
so-called primary char is obtained from the unhydrolyzed
starting biomass through pyrolysis-like reactions,
responsible of the increased carbon content in the
recovered solid product (Lucian et al., 2018). On the other
hand, the hydrolyzed fraction is involved into competing
subreactions, with the formation of highly reactive liquid
by-products (Fu et al., 2025). Among these, organic acids,
such as acetic, lactic, propionic, levulinic, and formic acids,
play a key role in HTC as they lower the pH of reaction
medium and spark an autocatalytic process consisting of

250

220

Temperature (°C)

FIGURE 1: Mass yields of banana peel waste HTC residues at different process temperatures (solid, liquid, and gas yields are reported in

green, red, and blue, respectively).
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a boosted biomass depolymerization. The enhanced PW
reactivity may promote the accumulation of hydrochar
precursors in the liquid phase, including furans, furfurals,
and aldheydes, which could then lead to the endothermic
formation of additional solid phases with quasi-spherical
structure, named secondary char, via interphase catalyzed
reactions. Typically, once formed, the new carbon-based
microparticles tend to adhere to the primary char surface
and contribute to the increase of hydrochar recovery,
especially at severe reaction conditions (Picone et al.,
2021; Sevilla and Fuertes, 2009; Wang et al., 2020).

In light of these considerations, the results presented in
this section, suggest that the increase of temperature could
have promoted the concentration of liquid precursors for
secondary char formation and its subsequent deposition
of the available primary char sites, leading to a greater
hydrochar mass yield at 220 and 250°C, compared to that
obtained at 180°C.

Itis noteworthythat a fraction between 60and 70% of the
starting feedstock remained in the spent process solvent.
Detailed investigations have shown that PW composition
can significantly vary according to the feedstock type used
for the HTC treatment, however, the most common species
detected include organic acids, in high concentration, and
other unconverted biomass fragments, heavy metals,
nutrients, and organic compounds potentially toxic for
the environment (Wang et al., 2020). For this reason, in
order achieve the process economic and environmental
feasibility, and thus promote HTC upscaling, an adequate
valorization of residual PW represents one of the biggest
scientific and technical challenges. In the recent past,
several scholars demonstrated that PW holds remarkable
potential for innovation across energy, agriculture and
environmental fields (Ischia et al., 2024), therefore we will
focus on the development of effective strategies for PW
reuse and/or industrial valorization, in a future study.

3.2 Hydrochars characterization

Table 1 reports the results from the HHV measurement,
energy properties (EY, FR) calculation and proximate
analysis for BPW raw material and hydrochars obtained at
different reaction temperatures.

It can be observed that the energy content of produced
hydrochars is substantially higher than that of raw BPW,
due to the carbonization reactions. In addition, HHV
increased with reaction temperature, up to 27.13 MJ/
kg at 250°C, reaching a value approaching that of lignite.
The energy yield of hydrochars reached a value of 50.0%
at 250°C, with a corresponding EDR of approximately
169%. Proximate analysis data show that, as expected,

TABLE 1: Energy properties of BPW and correspondig hydrochars.

VM decreased with HTC process temperature, while FC
increased up to approximately 31.5%, at 250°C. The ash
content was significantly reduced during HTC, from 8.5
for raw BPW to 0.75-1.67% for hydrochars at 180, 220
and 250°C, respectively. This confirms that during the
wet thermochemical treatment, most of inorganics are
moved to the aqueous phase, thus considerably reducing
the risk of slagging and fouling phenomena in the case of
combustion (Reza et al., 2013).

Elemental analysis data, shown in Table 2, corroborate
the findings of proximate analysis. For hydrochars, the
content of elemental carbon increased with increasing
temperature, reaching a maximum value of 63.65%, at
250°C. The increase of carbon content with the process
severity was accompanied by a drastic reduction of
oxygenated species, while, as already reported in HTC
literature, hydrogen content is not significantly affected by
the reaction, showing stable values between 5.9 and 6.3%.

Thermochemical evolution of BPW undoubtedly prove
that coalification occurred during HTC, with a notable
densification of carbon and FC contents as the main result
(Danon et al., 2014; Garcia-Bordejé et al., 2017). Dehydration
and decarboxylation dominate the devolatilization process,
leading to the significant decrease of elemental oxygen and
VM contents. As both reactions are highly endothermic,
they were likely promoted with the increase of reaction
temperature, as suggested by the evident reduction of H/C
and O/C atomic ratios (Jia et al.,, 2022; Wang et al., 2022).
In this regard, the Van Krevelen diagram reported in Figure
2 clearly shows that dehydration is the main mechanism
involved during HTC of BPW. Furthermore, it can be seen that
hydrochars progressively assume a fuel behavior resembling
that one of peat, at 220°C, and lignite, at 250°C. The carbon
densification reflects the higher energy content found for the
hydrochars, compared to the parent substrate (raw BPW),
definitely proving the effectiveness of HTC technology
for the production of solid biofuels with high potential.

Surface chemical functionalities in raw material and
hydrochars were studied via ATR-FTIR analysis.

Figure 3 shows the FTIR spectra in ATR mode of raw
BPW and corresponding hydrochars obtained at 180, 220
and 250°C.

The spectra show a broad band between 3400 and
3300 associated to the stretching vibration of O-H, involved
in hydrogen bonding. It can be seen that this band shifted
toward higher wavenumber after the HTC treatment due
to the concentration of phenolic compounds in lignin
and carboxylic acids groups. The increasing aromatic
character in hydrochars with HTC temperature is also

Sample HHV* [MJ/kg] EY [%] EDR [%] VM* [%] FC* [%] Ash* [%] FR

BPW_ 16.09 (£ 0.18) 100.0 100.0 80.72 10.78 8.50 0.13
BPW., .00 23.48 (+0.31) 40.5 146.0 75.82 23.43 0.75 0.31
BPW., .0 24.93 (+0.32) 493 155.0 67.59 31.49 0.92 0.47
BPW, ye; 27.13 (£ 0.26) 50.0 168.6 63.07 35.26 1.67 0.56
*on adry basis (d.b.)
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TABLE 2: Elemental analysis data, O/C and H/C atomic ratios of BPW and corresponding hydrochars.

Sample cl%l H [%] N [%] 0* [%] 0/C** H/C**
BPW._, 40.85 5.87 0.84 43.95 1.72 0.81
BPW, .., 54.95 6.59 1.45 36.27 1.44 0.49
BPW, ., 59.55 6.30 1.35 31.89 1.27 0.40
BPW, ., 63.65 6.31 1.33 27.05 1.19 0.32

* 0 = 100-C—H-N- Ash; ** atomic ratio

visible with the increase of the aromatic C-H stretching
mode at 2950 and 1610 cm™, together with the bending
out of plane vibration at around 720 cm™. Aliphatic CH,
and CH, vibration modes were also detected in all samples
at 2920 and 2850 cm’, demonstrating that aliphatic
character is maintained during HTC due to aromatic
structures. C=0 stretching vibration at around 1700 cm™
(aldehydic and/or carboxylic compounds) increased
with HTC temperature, as visible in the spectra of BPW
at 220 and 250°C. The carboxylic C-O stretching mode
was revealed by the bands at 1150-1100 cm™, while the
sharp band at 1030 cm™ could be assigned to inorganig
C-O vibration. In summary, data from FTIR indicate that
HTC strongly promote aromatization and decarboxylation
of the BPW sample with temperature.

4. CONCLUSIONS

Hydrothermal carbonization (HTC) is a thermochemical
process used for the conversion of high moisture biomass,
like agro-industrial wastes, into carbon-dense hydrochars,
which could find application as valuable solid biofuels.

In this study, we investigated the thermochemical
upgrading of banana peel waste (BPW) via HTC and
assessed the effect of reaction temperature on energy
properties and composition of the hydrochars produced.

1.8

Experiments were carried out by using a 50 mL stainless
steel batch reactor at the three different temperatures of
180, 220 and 250°C, with a biomass to water mass ratio of
0.1 and keeping a fixed reaction time of 0.5 h. After HTC,
the solid products were characterized in terms of higher
heating value (HHV), proximate and elemental composition,
and surface chemical functionality.

While, as expected, gas production increased
with temperature due to the endothermic nature of
decarboxylation reactions, differently from the common
outcomes reported in HTC literature, solid mass yield did
not follow a monotonic decrease, reaching a maximum
value of approximately 32%, at 220°C. This peculiar trend
might be closely related to the formation of additional
solid phases, known as seconary char, at the more severe
reaction conditions, with an observable increase of solid
mass recovered as the main result. Data from proximate
and elemental analyses suggest that dehydration was the
main converson pathway and led to a drastic reduction
of elemental oxygen content, due to the biomass
devolatilization. Correspondingly, a significant carbon and
energy densification was found after the BPW thermal
treatment, with the hydrochar obtained at 250°C that
showed a carbon content of approximately 64%, a fixed
carbon of about 35%, and a HHV of 27.1 MJ/kg. HTC also
promoted the inorganics removal from the solid phase and

1.6 |
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FIGURE 2: Van Krevelen diagram of raw banana peel waste and corresponding hydrochars.
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FIGURE 3: FTIR-ATR of raw banana peel waste and corresponding hydrochars.

thus reducing the potential risk of slagging and fouling
during combustion.

The obtained results clearly prove that the solid
products from BPW HTC should be considered as excellent
candidates for co-combustion with mineral coal in existing
boilers and for the progressive replacement of fossil fuels.
Supplemental hydrochars’ characterization, such as the
investigation on their chemical composition and structure,
would be crucial for a deeper understanding of formation
mechanisms and optimization of process conditions,
toward tailored target products. A detailed analysis of HTC
process water is a lack of our work and will be proposed
in a future study to corroborate the experimental findings
reported, in terms of chemical reaction pathways, and
suggest an adequate valorization method for the residual
liquid fraction. Other potential future developments of
this study might include the expansion of basic research
on unconventional substrates, such plastic waste,
investigating the real effects of different substrates
interaction during co-HTC, and the implementation of
machine learning to assist the process engineering.
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