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ABSTRACT

Porous carbon derived from banana peel has been synthesized by increasing the temperature range variation
from 180 °C - 270 °C. The prepared carbon was tested in an experiment using double-chamber
photoelectrochemistry to see the results of hydrogen production. SEM-EDX, FTIR, and TGA analyses
identified all banana peel carbons. Optical and electrochemical properties were analyzed and measured by
UV-Vis, Tauc Relationship, and Pearson Absolute Electronegativity. The amount of hydrogen gas produced
from the simulation of UV-A visible light irradiation on variations of BP-240, BP-210, BP-180, and BP-
Natural. The surface of BP-270 has more pores and can produce the most significant hydrogen of 1566.05
umol-gt. The data is compared to the weight loss percentage at a temperature of 400 °C. Generally, the
degradation of the weight percentage in banana peel is up to a temperature of 900°C. This value shows that
the most significant energy is needed, 1709190.45 Joules, equivalent to 1.0667 x 10% eV. At the same time,
the energy provided by UV-A is 3.099 eV, equivalent to 4.9661 x 10'*° Joule. Based on the average pores
formed by the method used in this study, it explains that the temperature at BP-270 has been able to produce
hydrogen in the UV-A exotherm. The increase in banana peel carbon pores increases the separation between
electrons and holes and reduces the band gap distance. This study designs an efficient, cheap, and
environmentally friendly photoelectrochemical system with waste materials to provide alternative energy
sources by utilizing visible light energy.

Copyright © 2024. Journal of Mechanical Engineering Science and Technology.
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. Introduction

Fossil fuels, including coal, oil, and natural gas, have become the main source of global
energy post-industrial revolution. However, its non-renewable nature and environmental
pollution problems, particularly carbon emissions, have made it incompatible with
sustainable development goals [1]. Therefore, many countries prioritize alternative energy,
one of which is hydrogen [2]. The rational and efficient use of hydrogen energy is one of
the best ways to overcome the primary energy crisis. Lately, biomass has been considered a
promising source of renewable energy and has attracted much attention. Biomass can be
converted into biochar, bio-oil, and syngas through thermochemical conversion, such as
pyrolysis [3]. Biochar, especially, can be activated and modified into functional carbon
materials, and further used in many fields such as energy, environment, and materials.

The increase in population that occurred in the last 100 years, from 2.2 billion to 8
billion, triggered an increase in food demand, as several factors, such as failures in
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distribution, led to waste [4]. However diverse these residues are, as long as they contain
fermentable sugars, they can be used as raw materials for biochar production. Bananas
(Musa sp.), for example, have about 35% of their total weight represented by their peel and,
since they are one of the most produced crops in the world, about 100 million tons in 2019,
contribute significantly to the production of discarded agroindustrial waste [5]. Therefore, it
is important to present solutions or alternatives to utilize this waste, as shown in this study.
The biochar formed from banana peels has a lignocellulose matrix, which is mostly
composed of lignin (31.6%), cellulose (20.7%), and hemicellulose (17.3%) [6]. Because of
this matrix, pretreatment is allowed before the transition to transform the complex structure
into sugar monomers for the subsequent conversion of these compounds.

Photocatalysis of hydrogen production absorbs light radiation on a photocatalyst to
break hydrogen bonds and covalent bonds in H20. The hydrogen breakdown process cannot
be separated from the role of the photocatalyst. Photocatalysts in previous studies have
discussed the effectiveness of nanoparticles of Zn(O, S) mixed with banana peel biochar.
The combination scheme is a way to get low cost in enhancing photocarrier separation
because the active carbon sites on the surface of Zn(O, S) attract electrons for hydrogen
reduction [7]. Another scheme is maximizing FesO4 in the oxidation-reduction reaction in
water by adding activated carbon banana leaves [8]. However, there has yet to be research
on the profile of biochar, or bioactivated carbon from waste in hydrogen production.

Using lignocellulosic residues from organic waste to increase biomass value depends
on various methodologies for converting polysaccharides into monomers, which are then
converted into ethanol and biochar. Usually, pretreatment and hydrolysis steps with
increased temperature are carried out for the production of biochar from lignocellulose
biomass. Many applications for hydrogen production use biochar, such as photocatalytic,
solar cell devices, and photoelectrochemistry [9]-[11]. Although the bandgap of organic
materials has two or more peaks, further processing into biochar is able to absorb light
illumination to be active in surface redox reactions such as hydrogen evolution reaction
(HER) [12].

Banana peel (BP) is converted into biochar with simple preparation in the form of
temperature variations to increase the yield of hydrogen generation. The formation of pores
on the surface of BP biochar helps the oxidation efficiency in the water, making it easier to
reduce water to hydrogen gas. Double-chamber photoelectrochemical systems are designed
to support easy processes and large-scale industrial applications.

I1. Material and Methods

1. Material

Banana waste is collected in all canteens around the Pancasila University Campus.
Banana peels of the Musa acuminata Cavendish subgroup type are cut into small sizes and
then dried in the oven (110 °C), ground in a knife grinder until they reach a particle size of
20 mesh, and stored (—20 °C) until used. Pellets-shaped KOH catalysts are obtained from
Sigma Aldrich in Indonesia with a purity of >85%.

2. Photoelectrochemical Experiment and Banana Peel Activation

Heat treatment on banana peel with temperature variations of 180 °C, 210 °C, 240 °C,
and 270 °C for 3 hours. Banana peel with hydrothermal natural room temperature treatment
of 30 °C was determined to obtain the control variable [13]. Furthermore, Banana Peel was
named BP-180, BP-210, BP-240, BP-270, and BP-Original. Adding 50% KOH to BP-180,
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BP-210, BP-240, and BP-270 will help activate banana peel into hydrochar [14]. The
product is washed using water and ethanol and then dried at room temperature using a
hydrothermal process [15]. The selection of the experimental method followed the previous
research using a photoelectrochemical double chamber with 15-W UV-A lamp irradiation
in the radiation range of 315 - 400 nm [16]. Hydrogen measurements were made using an
MQ-8 sensor and recorded through an analog-to-digital converter using an Arduino Uno and
recorded with a PC. Hydrogen production testing was carried out by comparing BP-180,
BP-210, BP-240, BP-270, and BP-Original for 14400 seconds. The flow of the experiment
process can be seen in Figure 1.
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Banana Peels Banana Peel Pieces Oven with Hydrolisis Dried Banana Peels Pounded Until Smooth
Temperature 110°C

,,/// ‘ ‘\\‘\ |
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Hydrogen Production PEC Double Chamber Hydrochar activation Hydrochar from  Oven with Temperature
with KOH Banana Peel Variation 180°C - 270°C

Fig. 1. Experimental treatment and testing process.

3. Material Characteristics

The morphological characteristics of banana peels with temperature variations were
evaluated using Scanning Electron Microscope (SEM) with type FEI Inspect S50 with
Energy Dispersive X-ray (EDX) in Indonesia. The FEI Inspect S50 testing tool with Energy
Dispersive X-ray (EDX) can produce an image when electrons interact with a sample. Then,
it will get electron backscattering to form a surface image of the sample down to a micron
depth. The functional clusters in banana peel were analyzed with IR-Prestige 21, a Fourier
transform infrared/FTIR (Shimadzu, Japan). FTIR testing measures the range of
wavelengths in the infrared region absorbed by a material. This condition is achieved
through the application of infrared radiation to the material sample. Measurement of UV-
Vis diffusion reflectance was performed on the UV-vis diffuse reflectance spectrum in the
200-800 nm range (Specord 200 Plus Analytic Jena UV-Vis spectrophotometer) in
Indonesia.

4. Thermogravimetric Analysis

In Indonesia, TGA was performed on banana peel samples using a simultaneous thermal
analyzer (STA PT 1600, Linseis). In all experiments, the carrier gas was nitrogen (99.99%
purity) at a constant flow rate of 100 mL/min to maintain an inert atmosphere and clean up
volatile substances resulting from heating. 15 mg of banana peel samples are evenly poured
into a platinum container and heated from ambient temperature to 900 °C at a constant
heating rate. Each experiment was run in triplicates.

I11. Results and Discussions

1. SEM-EDX Results

The results of the BP SEM test are seen in Figure 2. In Figure 2(a). The morphology of
BP-180 with a temperature treatment of 180°C is seen. Treatment of BP-210, BP-240, BP-
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270 at an increase in temperature of 210 °C, 240 °C, and 270 °C, is seen in Figure 2(b), (c),
(d), and (e). The increase in temperature at BP is in line with the formation of porous surfaces
[17]. The pores indicate that there is oxide on the surface. Oxides on surfaces tend to have
negative values, as evidenced by 3D Surface Plot testing using the ImageJ application. It is
proven that as the temperature increases, the Valley area has more and more negative values.
This is proven in BP-180, BP-210, BP-240, and BP-270, respectively, in Figure 3(a), (b),
(©), (d), and (e).

< Natural on hydrothermal at room
temperature

Fig. 2. The results SEM (a) BP-Natural (b) BP-180, (c) BP-210, (d) BP-240, and (e) BP-270.
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Fig. 3. 3D surface plot with ImageJ (a) BP-Natural (b) BP-180, (c) BP-210, (d) BP-240, and

(€) BP-270.
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Fig. 4. Plot Results pore surface with ImageJ (a) BP-Natural (b) BP-180, (c) BP-210,
(d) BP-240, and (e) BP-270.

Table 1. EDX test results

Chemical Banana Peel

Weight % (BP)
C 75.45
0] 12.15
K 1.92
Si 10.48

Chemical

Atomic %

C 75.53
0] 11.85
K 1.87
Si 10.75

Based on the SEM data, it was then calculated using ImageJ with the Threshold feature,
to obtain the minimum, maximum, and mean pore formation sizes. As seen in Figure 4,
measurements were taken on 100% of the entire SEM area. In Figure 4. (a). BP-Natural can
be seen getting the smallest pore size of 45 um, the largest at 255 um, and the mean pore
formation of 70.070 um. In Figure 4. (b). BP-180 can be seen getting the smallest pore size
of 43 um, the largest at 255 um, and the mean pore formation of 86.803 um. In Figure 4.
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(c). BP-210 can be seen getting the smallest pore size of 39 um, the largest at 255 um, and
the mean pore formation of 87.641 um. In Figure 4. (d). It can be seen that BP-240 has the
smallest pore of 42 um, the largest of 255 um, and the mean pore formation of 92.170 um.
In Figure 4. (e). It can be seen that BP-270 has the smallest pore of 42 um, the largest of 255
pum, and the mean pore formation of 104.443 um. These results indicate that the pores
formed are still in the macropore phase, but increasing the temperature is proven to increase
the uniformity of pore formation in the banana peel. The EDX results in Table 1 show that
carbon has the largest atomic content, 75.53%, in banana peel. The presence of oxygen
atoms in the EDX results strengthens the presence of oxide molecules in banana peel, in line
with the formation of pores on the surface.
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Fig. 5. Comparison of FTIR results from BP-180, BP-210, BP-240, and BP-270.

2. FTIR Results

The FTIR spectrum BP-180, BP-210, BP-240, and BP-270 are shown in the following
Figure 4. The wide band centered at about 3440 cm™' corresponds to the O—H stretch
vibration of the hydroxy! alcohol group, the wide band at about 1620 cm™! can be attributed
to the C=0 stretch vibration of the carboxylate and aldehyde groups, the peak at 1450 cm™!
corresponds to the O—H stretch vibration of the phenol hydroxyl group, the peak at 1110
cm ! indicates the CO stretch vibration of the alcohol or phenol, and the peak at 883 cm™!
is the vibrational of the aromatic C-H curving out of the field. After the temperature
increase, the peak stretch vibration at 3440 cm™!, 1620 cm™!, 1450 cm™!, and 1110 cm ™! for
BP-210, BP-240, and BP-270 increased compared to BP-180 due to the formation of
alcohols, phenols, and other substances containing CO bonds or further oxidation into
ketones, aldehydes, and carboxylic acids containing C=0 bonds during electrolysis.
Furthermore the peak of the C—H bond becomes larger at 883 cm™!, which indicates that
more aromatic carbon is produced during the banana peel temperature increase [8].

3. UV-Vis with Tauc’s Relation Results

According to optical and electronic analysis, the catalyst photoactivity regulated by the
effective separation of the charge carrier and the charge transfer of the interface is closely
related to the edge level of the semiconductor band. The determination of the energy gap
and valence band edge between the (valence band) VB and the (conduction band) of the CB
electrolyte catalyst was tested based on UV-Vis light absorption and then converted using
the Tauc’s Relation as shown in Figure 5 and Eq. (1) [18].
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Where a is the absorption coefficient of the semiconductor represented by, hv is the
energy of the photon, and A is the constant. The value of n depends on the type of
semiconductor optical transition (n = 1 for direct transition and n = 4 for indirect transition)
[19]. Based on Pearson's absolute electronegativity, the absolute electronegativities of C, O,
Si, and K are 6.27 eV, 7.54 eV, 4.77 eV, and 2.42 eV, respectively [20]. Meanwhile, the
number of atoms included in the calculation of determining the value of X is obtained from
the results of the presentation of atoms from EDX. Thus, the X calculated for Banana Peel
is 5.89 eV. The electronegativity value obtained is determined (shown in Figure 5(b)) and
then paired in the Eq. (2), (3), and (4).
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Fig. 6. (a) UV-Vis test results, (b) Tauc's relation results.

4. Photocatalytic Mechanism

The energy bandgap and valence band edge values can be calculated based on the UV-
Vis result, the percentage of EDX results, and Tauc's Relation, as seen in Figure 6. The
activation mechanism of temperature increase in banana peel biochar can be concluded by
integrating the results of SEM-EDX, FTIR, UV-Vis, and TGA characterization. First, the
free hydroxide (OH—) ions in solution release electrons and are oxidized into highly reactive
oxygen radicals (-OH). Then, -OH oxidizes the active sites in the banana peel biochar,
including aliphatic C—H, C-OH, and C=0, into C-OH, C=0, and COOH. The reaction path
is shown in Eq. (5)-(8).

L B e 0 o e - PP (=)
C—HA+"0H = C—0H 4 HyO ... cos ot et et et et i et et et e e s et s i s e e e (0)
C—0H4"0H 5 C =04 HyO .cocciii it e e e et et et et et e e e e e e e evn e eee eeee ()
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The mechanism of the photocatalytic process on the surface is explained in Figure 7,
quoted from the book Photocatalysis-Fundamentals [21]. Hydroxide ions are one of the
molecules on the oxide surface formed on banana peel. The oxides formed include alcohol,
phenol, and carboxylic acid. The presence of these oxides is evident in the results of FTIR
testing, coupled with the presence of aromatic groups. Oxides on the surface function to
interfere with the breaking of hydrogen bonds in H20 if the accumulation of electrons
accumulates in this phase [22]. Electrons will tend to accumulate, and the energy value will
be greater than the Gibbs energy [23]. As a result, the electrons will leave a positively
charged hole and attract oxygen to the covalent bond in H20. The greater the oxidation
energy (more significant than the Gibbs Energy), the greater the likelihood that the hydrogen
bond to the covalent bond in H20 will break [24]. The biochar surface activation mechanism
validated the banana peel biochar deformation by accumulating the entire Surface of pores.
The pores on the Surface were validated using the SEM and 3D Surface results using the
ImageJ application. Thermogravimetric testing showed an increase in temperature, which
decreased the weight percentage of banana peel biochar, as seen in Figure 8. The increase
in the number of pores was validated through the ImageJ application threshold tool on the
SEM image results.

Semiconductor

Fig. 7. Mechanism of hydrogen production from photocatalytic process [21].
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Fig. 8. TGA test results.
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Fig. 9. Hydrogen production test results.

5. Hydrogen Production with TGA Effect on Surface Pore

The TGA results in Figure 8, show that all variations of Banana Peel are able to maintain
the most stable weight percentage, at 94% at a temperature of 293°C. The data is compared
to the percentage of weight loss at a temperature of 400°C. In general, the degradation of the
weight percentage in banana peel is up to a temperature of 900°C. This value shows that the
greatest energy is needed, which is 1709190.45 Joules or equivalent to 1.0667 x 10%° eV. At
the same time, the energy provided by UV-A is 3.099 eV, which is equivalent to 2.6149 x
1022 °C or 4.9661 x 10°*° Joule. Based on the average pores formed by the method used in
this study, it explains that the temperature at BP-270 has been able to provide performance
in hydrogen production in the UV-A exotherm. So there needs to be further research with
temperatures approaching the range of 800°C - 900°C.

The results of hydrogen production in double chamber photoelectrochemistry with UV-
A irradiation are shown in Figure 9. Hydrogen production of BP-270 sequentially has the
highest value of 1566.05 pmol-g™* compared to BP-240, BP-210, and BP-180. Hydrogen
production in BP-240, BP-210, BP-180, and BP-Natural decreased hydrogen production by
1219 pmol-g?, 881.7 umol-g*, 629.41 umol-g, and 297 umol-g?, respectively. Based on
light absorbance, the UV-Vis test results showed that the wavelength of BP-270 was closer
to the UV-A range, which was 439.66 nm, while the wavelengths of BP-240, BP-210, and
BP-180 were 436.56 nm, 433.51 nm, and 429.01 nm, respectively. The proximity of the
absorbance level to the wavelength of light can maximize oxidation at the ValenceBand
position. This explains that exothermic energy can activate endothermic energy in BP for
oxidation efficiency. However, when heat treatment can grow more pores on the surface,
the pores on the surface can increase light absorption and facilitate the separation of
photogenerated charge carriers. Strong oxidation maintains the conditions for forming holes
(h™) and electrons (e°) so that the BP surface is facilitated in receiving electrons. The tragedy
is validated from the perspective of the energy bandgap, which is calculated from the UV-
Vis results with Tauc's Relation approach. It can be seen that BP-270, BP-240, BP-210, BP-
180, and BP-Natural each produce an energy bandgap of 2.82 eV, 2.84 eV, 2.86 eV, 2.89
eV and 3.11. The gap value between one and another shows that increasing temperature
decreases the bandgap distance. The closeness of the energy bandgap distance makes the
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electron jump time from the valence band to the conduction band faster. This makes the
holes on the surface faster to oxidize H20 in the vicinity for the production of Oz and
electrons faster to reduce H20 for the production of Hz. Based on a comparison of previous
studies, the dual photoelectrochemical chamber can produce hydrogen from a banana peel
photocatalyst at 1219 umol-g* (see Table 2).

Table 2. Results and summary with previous studies.

Ref Photocatalyst Source Hydrogen Production

[25] Coconut shell carbon 300 W xenon lamp 1679.5 mmol-g*-h*
nanosheets (CSC)
[26] Ti-PH + L-cys UV Lamp 150 pumol-g*
[9] CBW 400 W high pressure 575 pmol-g*-h?
mercury lamp
[16] Zn/ZnO + BBN + BT 500-W halogen lamp 2784 umol-g*
[14] Coffee waste 500-W halogen lamp + 38956 pmol-g*
External magnetic field
[7] ZnO + carbon banana 150-W solar lamp 1846.4 pmol-g*-h*
Peel

This Study BP-270 391.5125 pmol-g™*-h
BP-240 304.75 pmol-g*-h
BP-210 15-WUV-A lamp 220.425 umol-g*-h't
BP-180 157.3525 pmol-g*-h*
BP-Natural 74.25 pmol-g™*-h

IVV. Conclusions

The formation of pores on the BP surface successfully increased along with the increase
in temperature of 30 °C, 180 °C, 210 °C, 240 °C, and 270 °C. The surface of BP-270 has
more pores than BP-240, BP-210, BP-180, and BP-Natural. The pores are proven by the
surface morphology of SEM results and weight loss through thermogravimetric tests.
Forming a narrow energy band in line with the UV-A wavelength range value approach can
produce optimal hydrogen production. BP-270 can produce the most significant hydrogen
of 1566.05 umol-g*, compared to BP-240, BP-210, and BP-180. Conclusively, this study
provides a promising approach for developing photoelectrochemical and finding and
eliminating organic waste for hydrogen-producing materials.
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