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Iron and manganese are important water quality parameters, as their presence can lead to
undesirable color and odor. Here, hydrochars (HCs) were synthesized from banana peels via
hydrothermal carbonization to produce a sustainable adsorbent for efficient iron and manganese
removal from water. A 2° factorial design with a central point was carried out to evaluate the variables:
(i) activating agent (H;PO, or NaOH), (ii) temperature (100 and 200 °C), and (iii) residence time
(8 and 14 h). HC9 was performed in water at 150 °C for 11 h. Optimal performance was evaluated
from Fe* and Mn?* removal. Fourier transform infrared (FTIR) confirmed functional groups in
all HCs, while X-ray diffraction (XRD) broad peaks between 15-30° indicated an amorphous
structure. HC9 showed the best performance for the adsorption of both metals. Equilibrium was
reached at 200 min, and the kinetic data were best described by the pseudo-second-order model.
The adsorption data were best fitted by the Langmuir model for Fe and the Freundlich model for
Mn, with maximum adsorption capacities (q,,,) values of 33.18 and 19.00 mg g for Fe and Mn,
respectively. Thus, adsorption using this biochar is a promising and environmentally friendly
method for removing those metals from aqueous systems.
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Introduction and is the most produced fruit worldwide.' It has an annual
production of approximately 116,7 million tons, accounting

The growing accumulation of agro-industrial waste for 16% of global fruit production.?

poses significant environmental challenges due to improper
disposal, which can result in various ecological problems.
Consequently, valorizing these residues offers a promising
approach for sustainable solid waste management and the
effective removal of contaminants from aqueous systems.
Among agro-industrial wastes, banana peel stands out. The
banana, Musa spp., is native to South and Southeast Asia
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Brazil is the fourth-largest banana producer in the
world, with Sdo Paulo being the leading producing state.?
In 2022, the state of Minas Gerais produced 841,688 tons
of bananas, ranking as the second-largest producer.*
Bananas are widely consumed due to their pleasant
sensory characteristics and taste, as well as their high
caloric value, fiber content and vitamin levels.> Moreover,
banana consumption supports economic development and
food security in developing countries, particularly those
with low income and food deficits.® As a result of high

This is an open-access article distributed under the terms of the Creative Commons Attribution License.
BY


https://orcid.org/0009-0009-2219-5578
https://orcid.org/0009-0002-9146-1250
https://orcid.org/0009-0005-0504-3899
https://orcid.org/0000-0001-7740-4474
https://orcid.org/0000-0002-1992-5754
https://orcid.org/0000-0002-8073-325X
https://orcid.org/0000-0003-2296-4516
https://orcid.org/0000-0001-6058-9425
https://orcid.org/0000-0003-1049-8300

Cortez et al.

consumption, the waste generated, primarily banana peels,
considered biomass, becomes substantial, necessitating the
development of sustainable alternatives for its reuse.

Biomass derived from agricultural waste is a renewable
carbon source, primarily composed of lignin (20-25%),
hemicellulose (20-30%), and cellulose (40-50%),’
collectively referred to as lignocellulosic biomass.
This material serves as the initial feedstock for biochar
production, as the carbonization of biomass produces
a carbon-rich substance known as biochar.®* Among
the main components of biomass, lignin exhibits the
greatest potential for carbon material production, since
its highly cross-linked aromatic nature provides superior
thermal stability and leads to higher biochar yields during
pyrolysis.!® Biomass carbonization can occur through
hydrothermal processing or pyrolysis (slow and fast). In
hydrothermal carbonization (HTC), also referred to as wet
pyrolysis, biochar is produced under milder temperatures
and moderate pressures. This process results in a high
conversion of biomass into solid phase hydrochar, yielding
a material with high energy content.!

HTC is conducted in an aqueous medium, within
a sealed system under autogenous pressure, using a
hydrothermal reactor.'” One of the main advantages
of the HTC process is that biomass does not require
drying prior to treatment. Additionally, the relatively
mild operating temperatures, generally below 250 °C,
contribute to lower energy consumption.”* The process
takes place under subcritical water conditions, which
are defined by temperatures and pressures below the
critical point of water, in other words, below 374 °C and
22.06 MPa. HTC involves hydrolysis, decarboxylation,
and dehydration reactions, which jointly lead to biochar
formation via condensation reactions.'* These processes
tend to preserve surface oxygen-containing functional
groups, resulting in the formation of a hydrophilic shell.
This characteristic enables interactions with a wide range
of compounds, making HTC-derived hydrochars excellent
adsorbents. During HTC, reactions such as hydrolysis,
condensation, decarboxylation, and dehydration take
place. In the presence of water and at temperatures above
150 °C, hydrolysis fragments large biomass molecules,
breaking down cellulose and hemicellulose into smaller
units. Decarboxylation removes carboxyl groups, releasing
CO,, while dehydration eliminates hydroxyl groups through
water loss."”” The presence of oxygenated functional
groups plays a key role in controlling interactions with
contaminants, similar to observations in Fe'-bearing clay
minerals, where the distribution of oxygen-coordinated
iron sites governs hydroxyl radical formation and the
degradation of organic compounds.'¢
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In this context, a lot of methods are employed for the
removal of iron and manganese from water, including
filtration, precipitation, biological processes, ion exchange
and adsorption.'” Among these, adsorption offers advantages
such as simple operation, low cost, and environmental
sustainability.’® The concept is based on a mass transfer
process in which particles present in a fluid phase are
transferred to the surface of a porous solid through physical
interactions or chemical bonds." This process facilitates
the separation of components, where the adsorbate is
the substance to be removed from the medium, and the
adsorbent is the material onto which the adsorbate adheres,
concentrating on its surface or interface.”’ Different materials
can be used for the removal of Fe and Mn in aqueous systems,
such as zeolites,?' bentonites,?? charcoal,” and biochars.?**

The use of waste materials for the conversion into
value-added products for water contaminant removal
aligns with the United Nations Sustainable Development
Goals (SDGs), particularly Goals 3 (Good Health and Well-
being), 6 (Clean Water and Sanitation), and 14 (Life Below
Water). Within this framework, the objective of this work
was to evaluate key parameters for the sustainable synthesis
of biochar via hydrothermal carbonization of banana peel,
using a factorial experimental design, aiming at the removal
of iron and manganese from water.

Experimental
Materials and reagents

Analytical-grade reagents were used in this work.
Phosphoric acid (CAS: 7664-38-2) and sodium hydroxide
(CAS: 1310-73-2) were purchased from Vetec and Neon,
respectively. Hydrochloric acid 37% (CAS 7647-01-0) was
obtained from Alphatec and anhydrous citric acid (CAS
77-92-9) from CRQ Quimica. Ammonium iron(Il) sulfate
(CAS: 7783-85-9), manganese sulfate (CAS: 10034-96-5),
and nitric acid (CAS: 7697-37-2) were obtained from
Exodo Cientifica. Iron (10020 + 45 mg L) and manganese
(10006 + 50 mg L") solutions were from SpecSol. All
solutions were prepared using type II water. All solutions
were stored protected from light at room temperature.

Biomass collection and processing

Banana peels were collected from the University
Restaurant at the Universidade Federal de Vicosa (UFV).
The peels were washed with tap water and dried in an oven
at 105 °C for 24 h. Subsequently, the material was ground,
sieved using a 500-micrometer (32 mesh) sieve, and stored
at room temperature (nearly 25 °C).
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Hydrothermal carbonization (HTC)

For hydrothermal carbonization, 6.25 g of the processed
biomass and 50 mL of an activating agent solution were
added to a stainless-steel autoclave containing 100 mL
Teflon® liner. Phosphoric acid and sodium hydroxide,
each at a concentration of 0.100 mol L', were individually
used as activating agents. A control experiment was
also conducted using only type II water. The samples
were heated in the autoclave according to the factorial
experimental design (Table 1). After the designated reaction
time, the autoclave was cooled to room temperature, and
the resulting product was washed with distilled water
until a neutral pH (7.0) was achieved. Then, the samples
were centrifuged (4000 rpm for 20 min), dried in an oven
at 60 °C for 24 h, weighed and stored in a desiccator at
room temperature. A full factorial experimental design (2%)
was applied, considering three variables (temperature,
residence time and activating agent) each evaluated at
two levels. Additionally, a control experiment was carried
out at the midpoint of the variable ranges, in the absence
of any activating agent, using only type II water, totaling
ten experimental runs. The parameters assessed in each
condition are presented in Table 1. A temperature of
100 °C was chosen because, in a closed system, water
reaches a subcritical state with enhanced reactivity (lower
dielectric constant and higher ionic product), promoting the
hydrolysis of cellulose, hemicellulose, and other biomass
components, and initiating hydrochar formation.? The
maximum temperature was limited to 200 °C to preserve
the integrity of the Teflon® reactor.”

Table 1. Full factorial design with central point for the synthesis of
hydrochars from banana peel

Sample  Temperature / °C Rg;il(;e/nge Activating agent
HCl 200 14 H,PO, (0.100 mol L")
HC2 200 14 NaOH (0.100 mol L)
HC3 200 8 H,PO, (0.100 mol L")
HC4 200 8 NaOH (0.100 mol L")
HC5 100 14 H,PO, (0.100 mol L")
HC6 100 14 NaOH (0.100 mol L)
HC7 100 8 H,PO, (0.100 mol L")
HC8 100 8 NaOH (0.100 mol L)
HC9 150 11 H,0

HC10 150 11 H,0

After hydrochars production, iron and manganese
removal tests were carried out in water, with the removal
percentage as the response variable for the experimental
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design. The data were analyzed using Excel (Microsoft),?
Statistica 7 (StatSoft),?* and Origin 2021 (OriginLab)
software.*

Hydrochar characterization

The hydrochars were characterized using various
analytical techniques. The carbon, nitrogen, and sulfur
contents of hydrochars and the raw biomass were determined
using a LECO TruSpec Micro elemental analyzer. Cystine
(N 11.64%, C 29.98%, H 5.02%, S 26.71%) was used as
the calibration standard. The combustion and reduction
tubes were maintained at 1150 and 850 °C, respectively.

The Brgnsted acid sites of the hydrochars and the raw
biomass were quantified by acid-base titration. For this,
100 mg of each material were added to 10.00 mL of NaOH
solution (0.100 mol L") and stirred for 3 h at 200 rpm.
After centrifugation (10 min at 4000 rpm), 5.00 mL of
the supernatant were titrated with hydrochloric acid (HCI,
0.100 mol L") and compared to a control experiment
conducted without the addition of material. Both solutions
were standardized, with HCI] being standardized using
a primary standard (Na,CO;), and NaOH subsequently
standardized using the standardized HCI solution. The
acid concentration was calculated using equation 1,
below.

(VC _VT) x CT
C(H") = —————+ (1)

H

where V. is the volume of titrant, V is the volume of the
solution being titrated, C; is the concentration of HCI, and
my; is the mass of the material used.

The point of zero charge (pH,,) of the hydrochars were
determined by adding 20 mg of the material to 20.00 mL of
NaCl solution (0.100 mol L") with the initial pH adjusted
to 2, 4, 6, 8, or 10.” The pH adjustment was carried out
using HCI and/or NaOH solutions (0.100 mol L'). The pH
range of 2-10 was selected to minimize the influence of
acid and alkaline errors, which are inherent to combined
glass electrodes.’' The chosen range ensures operation
within the linear region of the electrode, providing precise
and reproducible measurements. The system was stirred at
100 rpm for 24 h, followed by centrifugation to separate
the supernatant and determine the final pH.

Hydrochars were analyzed by Fourier transform
infrared (FTIR) spectroscopy using a Varian 660-IR
spectrometer equipped with a PIKE GladiATR attenuated
total reflectance accessory featuring a diamond crystal.

The biomass and HC9 were also analyzed by X-ray
diffraction (XRD) using a D§-Discover (Bruker) instrument
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with Cu Ka radiation (A = 0.1541 nm), over a 20 angular
range of 10° to 60°.

Nitrogen adsorption and desorption isotherms of the
hydrochar (HC9) and biomass were determined using a
Nova 600 Series instrument from Anton Paar. The samples
were degassed at 120 °C for 4 h prior to analysis. The
specific surface area was calculated using the Brunauer-
Emmett-Teller (BET) method, and pore size distribution
was determined by the Barrett-Joyner-Halenda (BJH)
method.

The surface charge (zeta potential) of the biomass and
HC9 were measured using a Nano ZS Zetasizer (Anton
Paar). For this analysis, 10 mg of biochar were added to
250 mL of NaCl solution (0.100 mol L) and stirred for
24 h. The system was sonicated for 2 h, and the pH was
adjusted to different values: 2, 4, 6, 8, 10, and 12. All
analyses were performed in duplicate.

The morphology of the biomass and HC9 were
evaluated using scanning electron microscopy (SEM) with
aJEOL JSM-6010LA electron microscope operating at an
acceleration voltage of 20 k'V. For the analysis, the samples
were mounted on carbon tape and coated with gold, using
a Quorum Q150R S sputter coater.

Iron and manganese removal from water

Hydrochar efficiency was investigated via adsorption
experiments focused on iron and manganese removal from
water. For this, 50 mg of each hydrochar were added to
20.00 mL of iron or manganese solution (10 mg L) and
stirred at 200 rpm for 24 h at room temperature (nearly
25 °C). Following adsorption, the suspensions were filtered
through 0.45 um cellulose acetate membranes, and the
resulting supernatants were analyzed by microwave-
induced plasma optical emission spectrometry (MIP OES)
using an Agilent 4100 MP-AES (Agilent Technologies,
Australia). The spectral lines used for metal determination
included iron wavelengths of 259.940 and 371.993 nm,
and manganese wavelengths of 260.568 and 403.449 nm.
Total iron or manganese standard solutions were prepared
at concentrations of 1.00, 2.00, 4.00, 6.00, 8.00, and
10.00 mg L' in 1% nitric acid. A linear regression model
was fitted to experimental data to generate the analytical
curve. All analyses were performed in duplicate.

To evaluate the effect of pH on adsorption, separate
experiments were conducted using 20 mg of biochar in
20.00 mL of iron or manganese solution (10 mg L") with
the pH adjusted to 2, 3, 4, and 5, using HCI and NaOH
solutions, both at 0.100 mol L"'. The system was stirred at
200 rpm for 24 h at room temperature (nearly 25 °C) and
then filtered through a 0.45 um cellulose acetate membrane.
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Although the results will be discussed in detail later, it is
noteworthy that HC9 demonstrated the highest performance
among all samples evaluated. Subsequently, kinetic
experiments were conducted to determine the adsorption
equilibrium time for Fe and Mn, using HC9 (11 hat 150 °C,
without chemical activation). For this, 50 mg of biochar
were added to 20.00 mL of a standard iron or manganese
solution, each at a concentration of 100 mg L', stirred
at 200 rpm for 24 h at room temperature (about 25 °C).
The study was conducted at the following time intervals:
0, 5, 10, 15, 20, 25, 30, 60, 90, 120, 150, 180, 240, 360,
480, 1020, and 1440 min. The experiments were carried
out in batch mode. After each time point, the system was
centrifuged and filtered through a 0.45 pm cellulose acetate
membrane; from there, the samples were subsequently
analyzed by MIP OES.

The pseudo-first-order kinetic model (equation 2),
pseudo-second-order model (equation 3), and Elovich
model (equation 4), were fitted to the experimental data,
with the best-fitting model being the one with the highest
coefficient of determination (R?) value and the lowest
Akaike Information Criterion (AIC) value. The AIC is a
metric that aids in the interpretation of results by indicating
which of the applied models best fits the experimental
data.®

q, = q,(1-e") 2)
kg2t
q = —2 3)
1+k,qct
1
q, = E In(1 + abt) 4

where q,is the amount of solute adsorbed per unit mass
of adsorbent at a given time (ug mg™), g, is the amount of
solute adsorbed per unit mass of adsorbent at equilibrium
(ug mg'), k, is the pseudo-first-order adsorption rate
constant (h), k, is the pseudo-second-order adsorption
rate constant (mg pg' L), coefficient a corresponds to the
initial adsorption rate (mg g' min™), coefficient b is the
desorption constant (mg g!), and t is time in hours.

Adsorption isotherms were assessed by adding 50 mg
of hydrochar to 50.00 mL of iron or manganese solutions
at concentrations of 5, 10, 25, 35, and 50 mg L'. The
solutions were stirred for 7 h at 200 rpm and then filtered
through a 0.45 pm cellulose acetate membrane. Finally, the
supernatant was analyzed by MIP OES.

The Langmuir and Freundlich isotherm models were
fitted to the experimental data according to equations 5
and 6.
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Qo X K x C,
— dmax 7 M7 e 5
e 1+ K, x C, ©)
1
qe:I<f><(:él (6)

where q,,,, is the maximum adsorption capacity (mg L"),
n is the constant related to adsorption intensity, K; is the
Freundlich constant (mg g'), and K, is the Langmuir
adsorption constant.

Evaluation of interferences in iron and manganese
adsorption

Solutions of Fe** and Mn?*, each at a concentration of
100 mg L', were prepared using tap water collected from
the Department of Chemistry at the Universidade Federal de
Vigosa (UFV) to assess the influence of interfering species
on their removal. Conductivity analyses were performed
using an AZ® model 86503 meter (Taichung, Taiwan),
and redox potential was measured with a Sensoglass
platinum ORP electrode, model SRRO3 (Sao Paulo, Brazil),
connected to a potentiometer. Subsequently, 50 mg of HC9
(150 °C, 11 h, and H,0O) were added to 20.00 mL of the
metal solution. The systems were stirred for 7 h (200 rpm)
atroom temperature (about 25 °C). Then, the solutions were
filtered through a cellulose acetate membrane with a pore
size of 0.45 um. Finally, the supernatant was analyzed by
MIP OES. All analyses were performed in duplicate.

Regeneration and reuse of hydrochar

To assess the regeneration and reuse potential of
HC9, 50 mg of the material were added to 20.00 mL of
iron or manganese solution (200 mg L") and stirred for
7 h (200 rpm) at room temperature (nearly 25 °C). After
centrifugation, the solid was separated and washed three
times with 10.00 mL of hydrochloric acid or citric acid
(0.100 mol L), to determine the most effective desorbing
solution. Subsequently, the regenerated biochar was reused
in new adsorption cycles, with the removal efficiency
assessed over three consecutive cycles.

During the development of this proposal, ChatGPT
was used exclusively for grammatical review. All ideas and
technical content are the sole responsibility of the authors.

Results and Discussion
Characterization of hydrochars

Different hydrochars (HCs) were synthesized through
a one-pot hydrothermal process with chemical activation,

J. Braz. Chem. Soc. 2026, 37, e-20250169

Cortez et al.

using phosphoric acid or sodium hydroxide as activating
agents, at temperatures of 100 and 200 °C (Figure S1,
Supplementary Information (SI) section). The yields
obtained (Table S1, SI section) were notably high,
all exceeding 50%, with HC3 achieving nearly 70%.
Silva et al.® reported a 63.5% yield in the production
of hydrochar from malt bagasse. Fontoura et al.'
reported hydrochar yields ranging from 30 to 50% using
malt bagasse as the precursor. Both works employed
hydrothermal synthesis methods.

All hydrochars exhibited nitrogen and sulfur contents
close to 2%, in agreement with values reported in the
literature. Krysanova et al.** obtained hydrochar with
approximately 2% nitrogen using hydrothermal carbonization
of deciduous tree sawdust and peat. Regarding the carbon
and oxygen content, values were approximately 50 and 30%,
respectively. The H/C and O/C ratios were determined and
provide insights into the progression of carbonization and
the presence of surface functional groups. These data are
presented in the Van Krevelen diagram (Figure 1), where a
decrease in the H/C ratio of the hydrochars compared to the
biomass, confirming the progression of carbonization. These
results can be attributed to the hydrolysis and dehydration
steps, as well as the loss of aliphatic compounds, which
increase the aromaticity of the hydrochar structures.*
There is also a noticeable decrease in the O/C ratio of the
HC:s relative to the biomass, due to decarboxylation and
dehydration reactions that favor the removal of carboxyl
and carbonyl groups, consequently resulting in oxygen
loss from the biochar structure.*® Similar results were
reported by Venkatesan et al.’’ According to the authors,
the hydrochars exhibited lower H/C and O/C atomic ratios
compared to original coffee grounds biomass. These ratios
decreased with increasing synthesis temperature, indicating
a higher degree of carbonization and enhanced aromaticity
in the hydrochars.*® The biomass exhibited the highest
H/C and O/C ratios, as it did not undergo hydrothermal
treatment. Among the hydrochars, HC5, HC6, HC7, and
HCS8, synthesized at 100 °C without thermal activation,
also showed relatively high H/C and O/C values, indicating
a lower degree of carbonization. Moreover, the presence
of nitrogen-containing groups (Table S1) in the biochar
structure enhances adsorption capacity, as these functional
groups can form complexes with metal ions, promote
electrostatic interactions and participate in specific chemical
bond formations, thereby increasing the retention of heavy
metals in aqueous solutions.*

The results for pH,, (Table S1) indicate that the
materials treated at 200 °C presented very similar
characteristics, regardless of the activating agent or
the retention time in the oven. At higher temperatures,
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Figure 1. Van Krevelen diagram for the hydrochars and biomass. HC1
(200 °C, 14 h, H,PO,), HC2 (200 °C, 14 h, NaOH), HC3 (200 °C,
8 h, H;PO,), HC4 (200 °C, 8 h, NaOH), HC5 (100 °C, 14 h, H;PO,),
HC6 (100 °C, 14 h, NaOH), HC7 (100 °C, 8 h, H;PO,), HC8 (100 °C,
8 h, NaOH), HC9-HC10 (150 °C, 11 h, H,0), BM (biomass).

dehydration, condensation and decarboxylation reactions
are intensified, favoring carbonization of the material,
which leads to a loss of surface functional groups.'* These
reactions contribute to an increase in the surface pH of the
material, maintaining values close to 6.0 due to the same
synthesis temperature. This behavior is confirmed by the
Van Krevelen diagram of HC1 to HC4, synthesized at
200 °C. Similar O/C values across the hydrochars indicate
that the proportion of surface oxygenated functional
groups is relatively uniform. However, under synthesis
conditions of 100 °C and 14 h, the activation agent had a
marked influence on the pH,,. Activation with phosphoric
acid resulted in a value of 4.39, whereas NaOH led to a
pHpc, of 6.24. This difference is likely associated with the
introduction of acidic functional groups by H,PO,, which
lowers the pH,c,, as opposed to the basic functionalities
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introduced by NaOH.* Under the same temperature and a
retention time of 8 h, the hydrochars exhibited comparable
pHpc, values, around 5. The hydrochars HC9 and HC10,
subjected to a temperature of 150 °C and a time of 11 h,
exhibited properties very similar to those of biochars HC7
and HCS8. Therefore, at milder temperatures and shorter
residence times, HC7 and HCS8 showed very close pHy,,
values of 5.08 and 5.18, respectively.

Higher synthesis temperatures favored the preservation
of Brgnsted acidity (Table S1, SI section), as also reported
by Gonzdlez-Ferniandez et al.*® According to the authors,
the biochar produced from the biomass of sargassum algae
by the hydrothermal process, without chemical activation
at 180 °C, presented a higher concentration of acidic sites
compared to the biomass.

The results from the elemental analysis are consistent
with the FTIR results (Figure S2, SI section), since different
functional groups were observed. Bands near 3300 cm™ can
be attributed to the stretching vibration of hydroxyl groups
(v—OH). The bands at 2900 and 2850 cm™' can be attributed
to the symmetric and asymmetric stretching vibrations of
vC(sp*)—H bonds.*! Bands around 1700 cm™ are assigned
to the stretching of vC=0 bonds of ketone and amide
groups.*”> Bands at 1600 and 1450 cm™! are attributed to the
stretching of vC=C bonds in aromatic,” while the bands at
1038 cm! can be assigned to the stretching of vC—O bonds
in carboxylic groups.* Although the spectra are very similar
for the different biochars, small band shifts can be observed,
which may be attributed to their chemical differences.

The materials were evaluated for the removal of iron
and manganese from aqueous systems, with HC2, HCS,
HC6, HC7, HCS, and HC9-10 showing the highest removal
efficiencies for both metals (Figure 2). Although adsorption
is often correlated with the pH,.,, no clear quantitative

7.0
(b)
100 . 6.5
I 6.0
80 q
(]
F F5.5 &
. T
- a
60- i X L 5.0
. F4.5
404 |
AT A ATAS B S S
N
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Figure 2. Removal of (a) iron and (b) manganese and pH of the hydrochars and biomass. HC1 (200 °C, 14 h, H;PO,), HC2 (200 °C, 14 h, NaOH), HC3
(200 °C, 8 h, H;PO,), HC4 (200 °C, 8 h, NaOH), HC5 (100 °C, 14 h, H;PO,), HC6 (100 °C, 14 h, NaOH), HC7 (100 °C, 8 h, H;PO,), HC8 (100 °C, 8 h,

NaOH), HC9 (150 °C, 11 h, H,0).
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relationship was observed in this case, likely because the
pHpc, values of the materials were close to each other and
adsorption efficiency is also influenced by other surface
characteristics.

To assess the factors influencing biochar performance,
a statistical analysis of the iron and manganese removal
data was carried out using a 2* factorial design. The results
are shown in Table S2 and Figure 3. The Pareto diagram
for iron removal (Figure 3a) reveals that temperature had
a significant negative effect on adsorption at the 95%
confidence level, indicating that lower temperatures
enhance iron removal. Similarly, residence time exerted
a negative effect, suggesting that shorter durations favor
adsorption. The interaction between temperature and time
(T x t) showed a positive effect, whereas the interaction
between temperature and activating agent (T x AA)
exhibited a negative effect. All other variables were found
to be statistically not significant. According to the Pareto
diagram for iron removal (Figure 3b), all three variables
were significant at the 95% confidence level. Temperature
and residence time exerted positive effects, indicating
that higher temperatures and longer durations enhance
adsorption. In contrast, the activating agent showed a
negative effect, suggesting that its presence reduces
adsorption efficiency. Additionally, the interaction between
temperature and activating agent (T x AA) displayed a
positive effect. All other variables were not significant.

As HC9 showed the best performance for both
metals without the use of any activating agent, further
characterizations were conducted on HC9 (150 °C, 11 h,
non-activated) and BM to elucidate its superior performance.
As shown in Figure 4, both materials exhibited a broad
diffraction peak between 26 = 15° and 30°, characteristic
of the amorphous structure of biochars.” However, defined
peaks at 20 equal to 28.4° and 40.5° are observed in the
biomass, which can be attributed to KCI (JCPDS 4-587).
These peaks are absent in the hydrochar, likely due to the

-6.30

p=0.05
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reduction of KCI content during carbonization, as this
compound tends to volatilize at elevated temperatures.*

A peak at 20 = 14.8° is also observed in both the
hydrochar and biomass, typically associated with the
presence of cellulose in the materials.*® Additionally, a peak
at 20 = 21.4° is observed, which can be attributed to the
presence of silica and amorphous carbon in the materials.*’
It is worth noting that the absence of KCl peaks (28.4°
and 40.5°) in the HC9 material can be attributed to the
volatilization or removal of inorganic salts during HTC.
Devnath er al.®® reported that monoatomic ions, such as
potassium and chloride, are preferentially dissolved in the
liquid phase during HTC. Furthermore, EDS (Figure S3)
analysis showed a significant decrease in the potassium
signal, supporting the assumption of potassium loss during
carbonization. As the residual amount is considerably
reduced, it may no longer be detectable in XRD analysis.

The scanning electron microscopy (SEM) analysis was
performed on BM and HC9 (Figure 5). After hydrothermal
treatment, the structure of the material became more
fragmented and developed a plate-like morphology. The
biomass surface appears smoother and thicker, contrasting
with HC9, which exhibits a rougher, finer texture and
increased fragmentation. Energy dispersive X-ray
spectroscopy (EDS) characterization (Figure S3) revealed
the presence of potassium in both materials. Similar results
were reported by Behbahan et al.* who produced modified
biochars derived from banana peel for pesticide removal.
An increase in the peaks corresponding to carbon was also
observed in the hydrochar, consistent with CHNS analysis
results, which showed a carbon content of 57% for HC9,
compared to 42% in the biomass.

The zeta potential of the biomass and HC9 was
evaluated (Figure S4, SI section), revealing that both
materials exhibit negative zeta potential values across the
entire pH range evaluated (2 to 12), indicating negatively
charged surfaces under both acidic and basic conditions.

TxAA

Txt

tx AA

Figure 3. Pareto diagram for the 23 factorial design (a) iron and (b) manganese, with independent variables (1) temperature (T), (2) time (t), and (3) activation
agent (AA). The point at which the estimated effects are statistically significant (p = 0.05) is indicated by the red dashed vertical line.
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Figure 4. X-ray diffraction analysis of BM (banana peel biomass) and
HC9 (150 °C, 11 h, without chemical activation).

This indicates that the surface of the material is negatively
charged within this pH range. It is also observed that, for
all materials, the zeta potential decreased as the pH of the
solutions increased. This occurs due to the deprotonation of
functional groups present on the surface of these materials,
increasing the negative charges, which favors interaction
with cations.® Additionally, as the absolute value of the zeta
potential increases, the repulsions between the particles of
the materials increase, due to the increase in the negative
surface charges. Therefore, particle dispersion increases,
enhancing removal efficiency due to greater contact
between the adsorbent and the adsorbate.”!

Nitrogen physisorption analysis was conducted for
the biomass and HC9, with the results shown in Figure 6.
Both materials exhibit reversible type IV isotherms,
characteristic of mesoporous structures with pore diameters
ranging from 2 to 50 nm. The isotherms display an H3-
type hysteresis loop, typically associated with slit-shaped
pores and indicating capillary condensation in non-rigid
aggregates of plate-like particles. The absence of a limiting
adsorption plateau at high relative pressures (P/P,) further

Synthesis and Characterization of Sustainable Hydrochar from Banana Peels for the Removal of Iron and Manganese Ions

supports the presence of open mesoporous structures.*
According to the textural analysis results (Table S3), both
the biomass and HC9 exhibited low specific surface areas.
However, HC9 showed a slightly higher surface area
compared to the biomass. Although the BET surface areas
of the hydrochars are low (0.141 and 0.156 m? g, their
adsorption capacities are relatively high. This apparent
discrepancy can be explained by the surface chemistry
of the materials. The presence of oxygen-containing
functional groups, such as hydroxyl and carboxyl groups,
as well as nitrogen-containing amino groups introduced
during hydrothermal carbonization, provides active sites
for metal ion binding.*® This is analogous to the funnel
effect observed in reverse osmosis membranes,> where the
presence of non-porous regions influences water transport.
Therefore, even without a large total surface area, surface
chemistry can dominate adsorption by offering strategic
sites for molecules or ion binding. Chambers et al.>
also reported a low specific surface area (1.97 m? g'') for
hydrochar from corn straw residues.

Application of hydrochar in the removal of Fe?* and Mn?* in
aqueous systems

The effect of pH on the adsorption of iron and
manganese ions is shown in Figures 7a-7b. For both metal
solutions, pH values above 5 could not be evaluated due
to the onset of metal precipitation under these conditions.
At lower pH values (e.g., pH 2), a marked decrease in
adsorption efficiency was observed. This behavior can be
explained by the pH,, of HC9, which is 4.8. At pH values
below 4.8, the surface of the adsorbent becomes positively
charged, leading to electrostatic repulsion between the HC9
surface and the Fe?* and Mn** cations. Additionally, the
increased concentration of H* ions at low pH intensifies
competition with metal ions for the available active sites.

Figure 5. Scanning electron microscopy (SEM) images (magnification x1000) of (a) BM (banana peel biomass) and (b) HC9 (150 °C, 11 h, without

chemical activation).

8 of 14

J. Braz. Chem. Soc. 2026, 37, e-20250169



Synthesis and Characterization of Sustainable Hydrochar from Banana Peels for the Removal of Iron and Manganese Ions

Cortez et al.

0.30 0.30
—e—Adsorption —&— Adsorption
‘TU) —e— Desorption 0.0004 —e— Desorption
w 0.25 0.254
E & 00003 /\'
< 020 020 % \
o S — - < o002 o
£ = 1 “Ssa.
=] 3 0.0001 ~
— 0.15 1 0.154 Sy
g 0.0000 s
‘, - 0 10 20 30 40 50 60 //
o 20 30 40 50 )
3 0.10 4 Pore radius / nm / 0.10 - Pore radius / nm /‘/./
[ /f
>
3 005] S S SSTeST ety 0051 _ eeo*,
054 ¥ .
T o
< (a) (b)
0.00 0.00 . .

00 02 04 06 08
Relative pressure (P/P,)

0.0 02 04 0.6 0.8 1.0

Relative pressure (P/P,)

Figure 6. Nitrogen physisorption analysis (a) BM (banana peel biomass) and (b) HC9 (150 °C, 11 h, without chemical activation).

In contrast, at pH values above 4.8, the surface of HC9
acquires a negative charge, enhancing the electrostatic
attraction toward the positively charged metal ions and
thereby favoring their removal from solution.*

The adsorption kinetics of iron and manganese
by HC9 are shown in Figures 7c-7d. The initial metal
concentrations used (10 and 100 mg L") were selected
to allow a detailed evaluation of adsorption kinetics
and to identify potential limiting factors of the process.
The focus was on characterizing the modifications of
hydrochar, emphasizing the availability of active sites
and the assessment of internal and external diffusion
mechanisms. While these concentrations are higher than
those typically found in natural waters, they enable the
detection of differences in kinetic performance, provide
a more comprehensive understanding of the behavior
of the adsorbent, and simulate relevant scenarios in
industrial effluents, where metal levels often reach elevated
values.’® For both metals, the adsorption curves exhibit a
rapid initial uptake during the first 50 min, followed by a
slower approach to equilibrium, which is reached in less
than 200 min. The initial fast phase reflects the abundant
availability of active sites on the hydrochar surface, whereas
the subsequent slowdown suggests that intraparticle or
external diffusion may limit the process. These observations
support the suitability of the pseudo-second-order kinetic
model, indicating that chemisorption is the predominant
mechanism, although physisorption may also contribute.”’
It is observed that equilibrium was reached in less than
200 min for both metals. Similarly, Kaveeshwar et al.*®
synthesized a biochar from pecan shells via pyrolysis for
Fe?* removal and reported an equilibrium time of 150 min.
Kinetic modeling results (Table S4, SI section) indicate
that the pseudo-second-order model best describes the
adsorption behavior for both iron and manganese, as
evidenced by the highest coefficients of determination
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(R?) and the lowest Akaike Information Criterion (AIC)
values. This model suggests that chemisorption is the
rate-limiting step, involving electron sharing or exchange
between adsorbate and adsorbent, although physisorption
may also occur.®® The Elovich model was also applied
to experimental data. However, due to the high standard
deviations of its fitted parameters, it was not considered
suitable. Similarly, Prajapati et al.®® found that the pseudo-
second-order model best fitted the experimental data for
Cr''adsorption using activated carbon derived from residual
Aloe vera leaves via pyrolysis, corroborating the results
observed in this work.

The adsorption isotherms for Fe?* and Mn?* ions were
evaluated, and the results are shown in Figures 7e-7f, with
the corresponding model parameters described in Table S5,
SIsection. For iron, the Langmuir isotherm model provided
the best fit to the experimental data, as evidenced by the
highest R? and the lowest AIC value. This model assumes
monolayer adsorption on a homogeneous surface, and the
K, constant, with a value between O and 1, confirms the
favorable nature of the adsorption process.’! Sema and
Bhattacharyya® also observed a good fit to the Langmuir
model when evaluating iron adsorption using a biochar
derived from residual bamboo shoots via pyrolysis. For
manganese adsorption, the data presented in Table S5
indicate that the Freundlich isotherm model provided the
best fit, as it exhibited the lowest AIC value and the highest
R2. This model describes adsorption on heterogeneous
surfaces with the formation of multilayers, and the
Freundlich constant n > 1 further confirms the favorability
of the adsorption process.®> The Freundlich model captures
adsorption on heterogeneous surfaces, where active sites
exhibit different energies, allowing the adsorption capacity
to increase continuously without reaching saturation.®
Carbon-based materials functionalized with surface
groups have shown significant potential for environmental
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Figure 7. Iron and manganese removal by HC9. (a-b) Influence of the initial pH (24 h, with pH adjustment), (c-d) kinetic study and (e-f) adsorption
isotherm (25 °C). General conditions: [Fe] = 10 mg L', [Mn] = 10 mg L', solution volume: 20 mL, HC9 mass: 50 mg.

applications, particularly in the removal of heavy metal ions
from aqueous solutions. In these systems, chemical and
physical interactions between metal ions and the functional
groups of the adsorbent play a key role in determining
the adsorption efficiency, as observed for manganese
adsorption.*

The difference in the adsorption behavior of Fe and Mn
can be attributed to both the surface heterogeneity of the
hydrochar and the intrinsic chemical properties of the metals.
The Langmuir model describes Fe adsorption, indicating
monolayer coverage on relatively homogeneous and specific
adsorption sites, likely corresponding to a limited number
of high-affinity functional groups on the HC surface. On
the other hand, the Freundlich model fits Mn adsorption,
suggesting multilayer adsorption on heterogeneous sites. This
behavior may arise from the broader range of interactions that
Mn?** can establish with various surface functional groups
present on the HC. Moreover, differences in ionic radius,
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charge density, and coordination chemistry between Fe and
Mn can lead to distinct affinities and binding modes, with
Mn interacting more variably across the hydrochar surface.
Thus, the observed isotherm behavior reflects a combination
of metal-specific chemistry and surface site heterogeneity,
highlighting the complexity of adsorption mechanisms for
different metal ions.

Similarly, in a thermodynamic study on manganese
adsorption, Kim er al.® also found that the Freundlich
model best described the experimental data for biochar
derived from banana peels via pyrolysis. The maximum
adsorption capacities (q,,,) obtained for Fe?* and Mn** were
33.18 and 19.00 mg g, respectively. Sui ef al.% reported
a Qpax Of 50.02 mg g' for Fe?* adsorption at 25 °C using
biochar derived from corn straw via pyrolysis. Similarly,
Castro et al.” found a q,,,, of 20.14 mg g for manganese
adsorption using biochar produced from sugarcane bagasse
through pyrolysis.

J. Braz. Chem. Soc. 2026, 37, e-20250169
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The effect of interfering substances on the adsorption
of Fe?* and Mn?* by HC9 was evaluated using solutions
prepared with tap water, which naturally contain various
ions such as chloride, sodium, calcium, and magnesium.®
This matrix was chosen because the intended application
of the hydrochars is the removal of Fe* and Mn?** from
drinking water. For this purpose, redox potential and
conductivity analyses of the tap water were performed,
with the results presented in Table 2. As expected, the
conductivity of tap water was significantly higher than that
of type II water due to the presence of the aforementioned
ions. However, the redox potential values were similar
between the two water types. The adsorption capacities
(theoretical g, values) of Fe** and Mn?>* by HC9 in both
type II water and tap water (Table 2) were very similar,
indicating that the water matrix exerted minimal influence
on the metal adsorption process.

Table 2. Evaluation of the influence of interfering ions on Fe** and Mn*
adsorption by HC9 (150 °C, 11 h, H,O) using tap water

Redox

Matrix potential / Conducstlvny ! ( r?lc'ﬁ {,) (I?: M ,/,)
v u g8 g8

Tap water 408 189 18.56 £0.29 16.31 +0.21

Water type 11 446 0.95 21.32+0.04 16.19 +0.15

The high conductivity of tap water (189 uS cm™) can
be attributed to the presence of major ions, which typically
include Na*, K+, Ca*, Mg*, Cl, SO,**, HCO,~, and NO;~.
Nahar and Zhang® reported average concentrations in tap
water samples are 2.64 mg L' for Na*, 0.26 mg L' for K*,
10.10 mg L for Ca*, 1.20 mg L' for Mg*, 3.71 mg L
for CI, 5.88 mg L' for SO,*, 25.86 mg L' for HCO,, and
0.88 mg L' for NO;~. The presence of these ions may affect
adsorption through (i) direct competition for active sites,
(if) alteration of the ionic strength of the medium, thereby
reducing electrostatic interactions, and (iif) complexation
with the adsorbate.

Regeneration and reuse assays were conducted to
evaluate the reusability of the hydrochars for additional
adsorption cycles of iron and manganese (Figure S5a). It
was observed that hydrochloric acid solution yielded the
best desorption results for both iron and manganese, as
the highest concentrations of both metals were recovered.
Therefore, reused cycles proceeded using HCI solution
for the regeneration of HC9 (Figure S5b). Using HCI,
desorption reached 80.2% for manganese and 73.8% for
iron, while citric acid resulted in 74.0% desorption for
manganese and 65.8% for iron. Based on the reuse cycle
results, a decrease in adsorption capacity was observed
from 15.73 to 2.74 mg g for iron and from 11.50 to
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2.62 mg g' for manganese. This reduction in removal
efficiency may be due to blockage of the adsorption sites
of the hydrochar by hydrochloric acid, which hindered the
interaction between the surface and the ions.®” Although
efficiency decreased, the experiments used very high
concentrations of iron and manganese, which is not typical
in real-world applications. Silva et al.” also reported similar
results in their regeneration and reuse experiments with
hydrothermally produced hydrochar from citrus fruit waste.
The authors identified hydrochloric acid (0.5 mol L) as
the most effective desorbing agent for Cu™ ions. Following
desorption, the adsorption capacity decreased from
45to9 mg g, indicating a significant reduction in removal
efficiency.

Conclusions

In this work, hydrochars were sustainably synthesized
from banana peels via a hydrothermal process conducted
at moderate temperatures. The materials were thoroughly
characterized using various analytical techniques,
which confirmed the occurrence of carbonization while
preserving functional groups and Brgnsted acid-base
sites. Compared to raw biomass, the hydrochars exhibited
slightly improved thermal stability and a fragmented,
plate-like mesoporous structure, consistent with successful
carbonization. For iron and manganese ions removal, the
adsorption mechanism involved both physisorption and
chemisorption, with chemisorption identified as the
rate-limiting step. Iron adsorption followed a monolayer
pattern, best described by the Langmuir isotherm, while
manganese adsorption occurred in multilayers, as modeled
by the Freundlich isotherm. The maximum adsorption
capacities were 33.18 mg g! for Fe** and 19.00 mg g*' for
Mn?*". Importantly, the adsorption performance was not
significantly affected when using tap water, indicating
that common interfering ions had minimal influence on
metal removal efficiency.

Desorption experiments using hydrochloric acid
demonstrated the feasibility of regenerating the adsorbent.
Although a decline in adsorption capacity was observed
upon reuse, the material remains suitable for practical
applications, especially considering that real wastewater
typically contains metal concentrations lower than
those used in this study. Overall, the results highlight
the potential of these hydrochars as effective, low-
cost, and environmentally friendly adsorbents for the
removal of Fe* and Mn?** from aqueous systems. The
results obtained from banana peel surpass those typically
reported in the literature, highlighting the effectiveness
of the hydrothermal approach and the potential of these
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hydrochars as sustainable, high-performance adsorbents.
These findings highlight the novelty of the hydrothermal
approach and confirm its potential as a sustainable route
for producing high-performance adsorbents. This approach
not only adds value to agroindustrial residues by converting
them into high-value functional materials, but also aligns
with several United Nations Sustainable Development
Goals (SDGs), particularly: Good Health and Well-being
(SDG 3), Clean Water and Sanitation (SDG 6), and Life
Below Water (SDG 14). These findings open opportunities
for future studies to further enhance adsorption capacities
and to explore the removal of other relevant contaminants
in real wastewater systems.
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