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Abstract

Biogas, an alternative technology that produces
environmentally friendly fuels, usually contains impurities
which may infer the performance of combustion.
Hydrogen sulfide (H2S) gas is one of the impurities in the
biogas. This study’s objective is to assess the removal of
hydrogen sulfide using banana leaves. Dry and wet
banana leaves were selected to remove pure H.S gas
using simple arranged equipment. Scanning Electron
Microscopy  (SEM) and . Energy-Dispersive  X-ray
Spectroscopy (EDX) analysis was also performed to
establish the effect of H.S adsorption on the surface of
banana leaves. The adsorption capacity was determined
using the adsorption isotherm equation. Wet banana
leaves have a higher H2S gas adsorption efficiency then
dry banana leaves. Based on the SEM image, the
morphology of the banana leaves after adsorption shows
that there is damage of the surface leaves morphology
than before adsorption. The adsorption capacity of wet
leaves is 1.25-1.29 times greater than those of dry leaves,
based on the Freundlich and Langmuir isotherms. Based
on this study, banana leaves have the potential to be used
as an impurity remover for Ha2S in biogas. Further research
with real biogas stocks is needed to obtain their true
efficiency.
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1. Introduction

Fossil fuels represent approximately 80% of the global
primary energy consumption in 2023 (IEA, 2024). In 2020,
oil, coal, and natural gas supplied 30%, 26%, and 23% of

the total energy supply respectively worldwide
(Fernandez et al. 2024). For this reason, massive
development of renewable energy is indispensable.
Renewable energy development actually has the
advantage of reducing political dependence on energy
imports (Adebayo et al. 2021) and reducing
environmental impacts, because renewable energy does
not emit carbon emissions into the environment. The use
of renewable energy in the last three decades has, driven
by political support, continued to grow, developing
increasingly advanced technology, and decreasing the cost
of producing renewable energy (Renné, 2022). Biomass
energy consisting of agricultural waste, forest waste,
human waste, and animal waste can be used to meet
various energy needs (Malik et al. 2021). Biomass energy
has advantages over other forms of renewable energy,
due to its accessibility and large storage capacity (Ozturk
et al. 2017). In relation to climate change mitigation,
biomass energy has the advantage of being carbon neutral
(Ni et al. 2006).

Biogas is an alternative technology that produces
environmentally friendly fuels because it comes from
biomass (Q. Wang et al. 2023), organic waste (Tumusiime
et al. 2022), organic liquid waste (Nurjuwita et al. 2020),
food waste (C. Zhang et al. 2022), leaves (Vargas-Soplin et
al. 2022), and animal waste (Abdeshahian et al. 2016;
Khalil et al. 2019). From anaerobic activity by methane
bacteria, biogas is able to produce gases such as CHs, CO>,
H2S, and other gases. Typically biogas comprises of 50—
75% methane (CHa), 25-50% carbon dioxide (COz), 0-10%
nitrogen (N2), 0-3% hydrogen sulfide (H2S), 0-1%
hydrogen (H2), and trace gases (Aghel et al. 2022). While
biogas in animal manure consists of 53% CHs, 46% CO2, 1%
02, and 200 ppm sulfur (Eggemann et al. 2023). Other
study investigates the production of biogas through the
utilization of domestic waste or food waste in a biogas
plant consisting of 42% methane, 45% carbon dioxide,
2.4% oxygen, and 156-193 ppm hydrogen sulfide
(Catherine & Twizerimana, 2022).

From the gas content, there are several gas impurities
such as CO2 and H2S which can interfere with the
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performance of biogas (Dupnock & Deshusses, 2020),
especially related to combustion performance and SO:
pollutant emission levels. In addition, the relatively high
H2S content in biogas can cause the corrosion of process
equipment and have a negative impact on the
environment, so these impurities must be removed by
purification (Cristiano et al. 2020). Various methods of
biogas purification have been carried out in several
studies. These include water scrubbing (Noorain et al.
2019), physicochemical absorption (Liu et al. 2014; Maile
et al. 2017), membrane separation (Zito et al. 2022),
biotrickling filtration (Vikromvarasiri et al. 2017). Other
methods that can also be used to separate H2S from
biogas are absorbent as a gas purifier (Surra et al. 2019).
Because each of these purification techniques is unique,
the best technology should be chosen by taking into
account factors including investment, maintenance costs,
operating circumstances, and purifying efficiency. As for
discussion of which application of biogas will be used in
local communities, it would be more appropriate to use
the biosorption method, the ingredients required being
easy to find in the local environment.

The concentration of hydrogen sulfide gas in biogas is
relatively small (+£0.1-2%) (Zhuo et al. 2022). High
concentrations of this gas in biogas can cause corrosion in
the combustion chamber (Latosov et al. 2017). In addition,
this gas has an unpleasant odor (Omri et al. 2013), is toxic
(Vovusha et al. 2019), and its combustion produces sulfur
dioxide gas (Pompanon et al. 2022). It is a poisonous gas
that, at high enough quantities (over 100 parts per
million), can kill humans by poisoning their respiratory,
endocrine, and central neurological systems (B. Zhang et
al. 2022). Thus, there is an immediate need for
sophisticated and effective H2S removal technologies.
Numerous efficient physical and chemical techniques,
such as adsorption, catalytic combustion, catalytic
oxidation, and neutralization, have been documented up
to this point for the desulfurization of odorous waste
gases.

Actually, the process of H2S gas removal has been carried
out through several types of processes such as adsorption
process (Fan et al. 2013; Feng et al. 2017; Sun et al. 2016;
Balsamo et al. 2016; Cui et al. 2022; H. Zhang et al. 2021),
absorption process (Y. Wang et al. 2019; Y. Wang et al.
2020; Liu et al. 2021), membrane process (Atash Jameh et
al. 2025; Jusoh et al. 2025) and biological process (Brito et
al. 2025; Do Vale Borges et al. 2025). The use of cheap

adsorbent  materials is preferred with special
considerations for the wuse of biogas purification.
Additionally, this research develops inexpensive

absorbent materials using agricultural by-products.

A review of banana plants' possible applications has been
completed recently. Several conventional absorbents used
to absorb pollutant gases and impurities have been
investigated by many researchers. However, the use of
banana plants as a commercial absorbent in overcoming
air pollution is not yet available (Sumiyati et al. 2019).
Experiments carried out by Huboyo et al. (2022) showed
that the H2S gas adsorption efficiency values of three
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banana components—leaves, stems, and peel—were
76.52%, 51.83%, and 6.44%, respectively (Huboyo et al.
2022). According to this study, banana leaves have a
promising future as HaS gas absorbers. The adsorption
process is linked to some of the physicochemical
properties of banana leaves as a biosorbent for gaseous
contaminants. According to the findings of the SEM
characterization, the banana leaf's morphology possesses
a porous surface that, in certain investigations, may trap
pollutants inside its stomata or pores. Lignin, cellulose,
and cuticular wax are among the chemical properties of
banana leaves that can be utilized to make gas adsorbents
(Wahyudi et al. 2022).

Considering the study's findings, bananaleaves potentially
become absorbent through their characteristics and
efficiency parameter as absorbent. Therefore, this study
will continue the previous research, in which banana
leaves were used as biosorbents from the H2S gas
adsorption process, and will differentiate between leaf
conditions when wet and dry. Furthermore, it will
examine feasibility of banana leaves to become a biogas
purifier

2. Materials and methods

2.1. Tools and materials

For:sample weighing, an analytic balance (Mettler Toledo,
Type ME204) was used; it was calibrated in September
2021. Pure H,S gas (mixed with N2) was introduced into a
50 L Tedlar bag with a special H2S regulator. H2S was
introduced at a constant flow rate of 50 mL/min with a
mass flow controller (Aalborg, GFCS-015466) for ten
different contact times (5, 10, 15, 20, 25, 30, 35, 40, 45,
and 50 minutes). Details of the equipment (Figure 1) used
can be seen in the previous experiment (Wahyudi et al.
2023). We use a UV-Vis spectrophotometer
(Thermoscientific Genesys 10S) to analyze the H2S
concentration using methylene blue in accordance with
the Indonesian National Standard (SNI) 19-7117.7-2005.

2.2. Preparation of Banana Leaves as Biosorbent

Banana leaves are prepared from local banana plants.
Leaves that are mature enough are selected. In this study
there are two types of absorbents, namely wet banana
leaves and dry banana leaves. Some of the initial steps
that were applied to both types of absorbents were
washing them with distilled water and wiping them before
cutting them to a size of around 1 mm x 1 mm. To prepare
wet banana leaves as an absorbent, drying is carried out
by leaving them at room temperature for 24 hours. With
dry banana leaves, after cutting, oven drying is carried out
at 110°C for two hours.

2.3. Experimental system and procedures

Methylene blue spectrophotometry is the test method
used in this study. As stated in the Indonesian National
Standard 19-7117.7-2005, several steps are required,
including the determination of the calibration curve,
testing of test samples after the adsorption running
process has been carried out, and concentration
calculations.
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Determination of the calibration curve is done by finding
the factor (f) of sodium thiosulfate solution, determining
the volume of the H:S mother liquor, and making a
calibration curve. The value of factor (f) is found by
titrating the solution (25 mL KIO3 + 100 mL distilled water
+2 gr KI + 10 mL HCI 1:10 in an Erlenmeyer flask) with the
TiO solution until light yellow and adding 5 mL of starch
indicator until the blue color has just disappeared; the
volume of the penitar solution is then recorded and the
TiO factor value was obtained. Then the volume of the H2S
main liquor was determined by the titration method,
where sodium thiosulfate was used as the titrant, while
the H,S main liquor and the blank (distilled water) were
used as the titrant. In making the calibration curve, using a
spectrophotometer at a wavelength of 670 nm, the four
absorbance values obtained were then analyzed for the
curve and the curve equation was also obtained.

Twenty milliliters of the sample solution were put into
each measurement tube. 1 mL of FeCls, and 2 mL of p-
aminodimethylaniline were added, then the sample was
homogenized. After being homogenized once more, each
tube was left for half an hour, after which it was diluted
with distilled water to a 25 mL limit. At wavelength 670
nm, the absorbance of the measurement sample solution
was measured, and a calibration curve was used to
calculate the amount of H.S gas present. Next, the
concentration of the absorbent solution that had gone
through the adsorption process was calculated according
to the Indonesian National Standard 19-7117.7-2005.
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Figure 1. Simple Arranged Equipment
2.4. Data analysis

Analysis of the data obtained to obtain the value of the
adsorption capacity of H2S on wet and dry banana leaves
using the Freundlich and Langmuir adsorption isotherm

Table 1. H,S Concentration after Adsorption Process (ppm)

theory. Freundlich's concept derives the following

equation:
Xm

2mo_.cln
m

Log (hj =Logk + L LogC
m n

where

Xm = adsorbed weight

m = adsorbent weight

C = substance concentration

Then k and n are adsorption constants whose value
depends on the type of adsorbent and the adsorption
temperature. When a curve of log (Xm/ m) against log C is
made, a linear equation will be obtained with an intercept
of log k and a slope of 1/n, so that the values of k and n
can be calculated, while Langmuir's concept derives the
following equation:

h_ a-C
m 1+b-c

m.L:L(EJ.C

Xn a<\a

By making a curve of m.c / Xm to C, a linear equation will
be obtained with an intercept of 1/a and a slope (b/a), so
that the values of a and b can be calculated, from the size

of the values of a and b indicating the adsorption capacity.
2.5. SEM-EDX analysis

The size, shape, and surface characteristics of the tested
absorbent particles were examined using SEM both before
and after adsorption for each sample type. SEM EDX
analysis was performed using Phenom ProX (The
Netherlands). The components in the adsorbents,
particularly S (sulfur), were quantified using the EDX.

3. Results and discussion

3.1. HzS Removal performance

Table 1 contains data regarding the concentration of
sulfuric acid pollutant gas (H2S) on various types of
adsorbents (wet leaves and dry leaves) and variations in
contact time carried out by triplication.

Adsorbent Contact Time (minutes)

Type 5 10 15 20 25 30 35 40 45 50
134.10 208.41 217.99 217.99 220.02 226.11 229.89 232.50 237.43 257.17
Wet Leaves 44.99 178.51 184.90 188.96 207.83 210.15 211.31 218.28 222.05 224.66
58.34 162.84 197.67 217.12 220.89 238.89 243.24 267.33 280.68 280.68
Average 79.14 183.25 200.18 208.02 216.25 225.05 228.15 239.37 246.72 254.17
Stdev 48.06 23.15 16.69 16.51 7.30 14.40 16.04 25.24 30.40 28.13
185.77 237.72 245.85 249.34 253.98 255.43 274.30 277.49 285.62 310.29
Dry Leaves 116.40 171.84 172.42 190.70 195.35 207.25 208.70 215.95 229.02 252.53
193.31 205.80 227.86 231.05 239.18 239.76 242.37 248.75 254.85 258.62
Average 165.16 205.12 215.37 223.70 229.50 234.14 241.79 247.40 256.49 273.81
Stdev 42.40 32.95 38.28 30.00 30.49 24.58 32.80 30.79 28.34 31.74




In Figure 1, the variation in contact time is linear with the
resulting concentration value. In the adsorption process
with banana leaf adsorbent, the concentration of H»S gas
increased with contact time when the lowest
concentration was 44.99 mg/L and the highest was 310.29
mg/L. The difference in concentration of the 10 variations
looks relatively stable with a contact time interval of five
minutes. For the first 5 minutes of the experiment, there
was a fairly intense adsorption process at the beginning so
that there was high fluctuation between samples, both in
wet and dry leaves. Further experiments are suggested to
be able to provide more detailed time at the beginning of
the adsorption process.

Contact time between the adsorbent and the adsorbate
that is too long can cause the adsorbent conditions to
become saturated and release of the adsorbate (Petrovié¢
et al. 2023). As can be seen in Figure 2, from the test
results, the concentration of H2S gas continued to rise
with increasing contact time, so it can be concluded that
the banana leaf adsorbent reached saturation level in a

short time.
%

/
%
/
/
/
%
%
%
%

300

B Wet Leaves % Dry Leaves

.
11
111
11
11 .

5min 10 min 15 min 20 min 25 min 30 min 35 min 40 min 45 min 50 min

250

200

150

100

Concentration (ppm)

50

0

Contact Time
Figure 2. Graph of H,S Concentration (Average)

The adsorption efficiency of H2S gas of two adsorbents is
significantly different. Average wet banana leaves have
the highest adsorption efficiency of H2S gas of 73.62%
while dry banana leaves have an adsorption efficiency of
44.95%. Wet banana leaves have a higher H:S gas
adsorption efficiency compare to dry banan leaves
because wet banana leaves have natural fiber structure
and higher water content than dry leaves so that the
adsorption process can occur more intensely due to the
high solubility of H2S gas in water which is facilitated by its
natural fiber structure. Fibers owned by banana leaves
include cellulose, hemicellulose, and lignin (Wahyudi et al.
2022).

Adsorption efficiency is affected by contact time.
According to the results of the study, five minutes is the
best adsorption efficiency at 0 — 10 minutes experiments
because H.S gas adsorption occurs to a maximum level.
However, the optimum adsorption conditions need to be
studied further to see the optimal conditions by taking
into account the factors of the amount of material used,
adsorption time and acceptable removal rate. After the
five-minute contact time, the adsorption efficiency value
decreased due to the contact time between the adsorbent
and the adsorbate, which was too long and caused the
adsorbent to become saturated and the adsorbate to be
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released. Past the optimum conditions, the adsorbent no
longer works.

Figure 3 and Figure 4 demonstrate the efficiency of Ha2S
gas removal on wet and dry banana leaves. The gas
removal efficiency of each adsorbent after 5 minutes is
not significant from each treatment due to the lack of
difference between two types of adsorbents in
percentage of removal.
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Figure 3. Graph of the Efficiency of H,S Gas Removal on Wet
Banana Leaves
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Figure 4. Graph of the Efficiency of H,S Gas Removal on Dry
Banana Leaves
3.2. SEM-EDX Characterization of Banana Leaves

SEM results of wet and dry banana leaves before and after
adsorption are shown in Figure 5 and Figure 6. Figure 5 is
a SEM image of a wet banana leaf before and after
adsorption

Figure 5. SEM Result of Wet Leaves. (A) Before Adsorption (B)
After Adsorption

As seen in the figure, before adsorption the stomata were
visible and there were few materials attached around the
stomata. However, after adsorption the stomata are
covered with materials sticking around them. This
increasing amount of material arises due to damage of the
morphology of the leaf surface. The same is seen in Figure
6, which is a SEM image of dried banana leaves before and
after adsorption in which the morphology of the banana
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leaves after adsorption demonstrates damage to the
morphology of the leaf surface compare to that before
adsorption. This morphology damage may be due to the
H2S adsorption process that occurs in the two leaves as
demonstrated in research conducted by Gao (2021)
explaining that stomata can trap air pollution (Gao et al.
2021). In addition, a study from Zheng (2022) explains
that the wax structure on leaves can block pollution
(Zheng et al. 2022).

Based on EDX analysis (Table 2 and Table 3), there was an
increase in sulfur levels in leaves after the adsorption
process, particularly from sulfur elements. The use of wet
banana leaves increased the sulfur content in the leaves
by about 1.6 times as compared to dry banana leaves that
increased by only 1.04 times. The increase in the S

comparable to latest study (Wahyudi et al. 2023) which
was around 1-1.6 times using various types of wet banana
leaves. This demonstrates that banana leaves have
potential as H2S gas adsorbers.

Figure 6. SEM Result of Dry Leaves (A) Before Adsorption (B)

element in this study was lower than previous study After Adsorption
(Huboyo et al. 2022) which reached 20 times, but it was
Table 2. EDX Results on Wet Banana Leaves
Element Wet Banana Leaves
Symbol Before Adsorption After Exp 1 After Exp 2 After Exp 3
Atomic Weight Atomic Weight Atomic Weight Atomic Weight
Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc.
C 69.50 62.93 74.19 66.88 76.02 67.78 66.67 58.94
14.16 17.08 23.25 25.31 17.36 20.19 21.94 25.49
S 0.04 0.11 0.09 0.18 0.23 0.54 0.07 0.17
Si 0.09 0.19 3.24 5.89 0.30 0.62 1.68 3.45
P 0.04 0.09 0.08 0.19 0.17 0.39 0.10 0.23
N 15.33 16.24 20.21 18.40 9.52 9.13 8.34 8.48
K 0.56 1.63 0.90 2.37 1.49 4.06 0.98 2.81
Table 3. EDX Results on Dry Banana Leaves
Element Dry Banana Leaves
Symbol Before Adsorption After Exp 1 After Exp 2 After Exp 3
Atomic Weight Atomic Weight Atomic Weight Atomic Weight
Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc.
C 58.99 53.09 77.39 69.51 81.60 75.58 62.24 55.36
30.78 31.88 10.07 12.10 22.89 26.20 16.82 19.86
S 0.04 0.08 0.06 0.13 0.11 0.25 0.05 0.11
Si 0.02 0.05 1.44 2.91 0.22 0.47 0.02 0.05
P 0.09 0.19 0.05 0.12 0.15 0.32 0.11 0.25
N 15.23 13.77 10.19 10.79 23.14 21.09 19.04 19.78
K 2.31 5.70 0.25 0.73 0.81 2.31 1.24 3.56
Table 4. Adsorption capacity
Adsorbent Type Freundlich Isotherm Langmuir Isotherm
(Banana Leaves) R Capacity (mg/g) R Capacity (mg/g)
Wet Leaves 0.843 5.818 0.509 5.335
Dry Leaves 0.871 4.656 0.578 4,148

3.3. Adsorption isotherm

The adsorption capacity (the amount of Ha2S gas adsorbed
in each unit weight of the adsorbent) is expressed in mg/g
adsorbent. The adsorption capacity is determined using
the adsorption isotherm equation. The adsorption
isotherm models used are the Freundlich adsorption
isotherm and the Langmuir adsorption isotherm. Figures
7, 8, 9 and 10 show the Freundlich and Langmuir isotherm
equations for wet and dry leaves.

Based on the calculation of the adsorption model for each
isotherm, depending upon the type of wet banana leaf

adsorbent, the regression coefficient on the Freundlich
isotherm is 0.8426 with an adsorption capacity of 5.8182
mg/g adsorbent. The best regression coefficient for dry
banana leaf adsorbent comes from the calculation of the
Freundlich isotherm with a value of 0.8713 and an
adsorption capacity of 4.6562 mg/g adsorbent. Table 4 is
a summary of the adsorption capacity.

The results of this adsorption capacity are slightly lower
than previous studies (Wahyudi et al. 2023) for the same
type of banana leaf, around 7.6 mg/g. These two studies
indicate that the adsorption capacity of banana leaves is
influenced by their water content and type.
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3.4. Implication of H2S reduction in biogas purification

Biogas purification reduces the corrosive impact on the
machinery by eliminating impurities like hydrogen sulfide.
Additionally, the procedure removes pollutants'
detrimental impacts on the environment and human
health. Moreover the elimination of impurities raises the
fraction of methane that is useable energy, improving the
fuel's energy density. (Das et al. 2022).

Adsorption is one method of removing hydrogen sulfide
both during and after digestion. In this study, it was found
that both wet and dry banana leaves can be used as
adsorbents in the H.S gas adsorption process. Based on
literature, livestock waste has a H»S gas content reaching
a concentration of 200 ppm (Eggemann et al. 2023). If
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carried out using the banana leaf adsorption process, the
lowest output concentration of H.S is expected to be
52.76 ppm. If tried with lower efficiency i.e. 44.95%, the
H2S output concentration reaches 110.1 ppm.

The use of wet banana leaves can reduce banana leaf
waste, especially after the banana harvest. Not all banana
leaves have economic value, i.e., are marketable. The use
of wet banana leaves (not through drying treatment) will
facilitate the practicality of making adsorbents.
Fortunately, banana plants are usually found in rural areas
where the potential for biogas is higher, especially from
livestock waste, so there is an effortless supply chain in
terms of providing adsorbents. On the other hand, it is still
necessary to study the use of this used adsorbent. For
example, if it is becoming fertilizer after going through the
composting process, it should consider that the S content
initincreases.

This study used pure H»S gas as its adsorbate, hence ideal
adsorption conditions for H2S gas may occur. It's still
unknown regarding the adsorption competition with
other hydrophillic gases such as CO2 and NHs. These two
impurity gases are present in sufficient amount in biogas
From this study, further research can be conducted
regarding the effect of banana leaves adsorbent on real
biogas purification, especially on adsoprtion competition
for impurity gases.

4. Conclusion

Wet and dry banana leaves can be used as adsorbents for
Ha2S gas adsorbate. The adsorption efficiency of Has gas of
two adsorbents is significantly different in that average
wet banana leaves have the highest adsorption efficiency
of H2S gas of 73.62% and dry banana leaves have 44.95%.
Based on SEM images, there are proven changes to the
morphology of the banana leaf surface due to the
adsorption process. Adsorption capacity was higher for
wet leaves than that of dry leaves based on Freundlich
and Langmuir isotherms. Based on this study, banana
leaves have the potential to be used as an impurity
remover for H2S in biogas. From this research it appears to
be feasible to use the banana leaf adsorbent as a biogas
purifier particularly for H2S gas. Further research with real
biogas experimentation is necessary.

Acknowledgements

This research was funded by the Ministry of Education, Culture,
Research and Technology of the Republic of Indonesia, contract
number: 225-101/UN7.6.1/PP/2021. Our laboratory technicians
(Mr. Andi, Mr. Andri) in Diponegoro University are highly
acknowledged for assisting laboratory experiments.

Author contributions

Haryono S Huboyo: Conceptualization, Methodology,
Writing Review Editing, Funding Acquisition. Badrus
Zaman: Data curation, Writing review, Supervision.
Bimastyaji Surya Ramadan: Investigation, Lab Analysis,
Writing- Original draft preparation. Rahmatia Sarah:
Investigation, Lab Analysis. Agung Budi Prasetijo: Assisting
set up device and visualization.

Data availability

All data supporting the findings of this study are available
upon request



FEASIBILITY STUDY TOWARD BIOGAS PURIFICATION OF H2S IMPURITIES USING WET AND DRY BANANA LEAVES 7

Consent for publication
Consent to publish was obtained from all authors.
Declaration of competing interest

The authors declare that they have no competing financial
interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

Abdeshahian, P., Lim, J. S., Ho, W. S., Hashim, H. and Lee, C. T.
(2016). Potential of biogas production from farm animal waste
in Malaysia. Renewable and Sustainable Energy Reviews, 60,
714-723. https://doi.org/10.1016/j.rser.2016.01.117

Adebayo, T. S., Udemba, E. N., Ahmed, Z. and Kirikkaleli, D.
(2021). Determinants of consumption-based carbon
emissions in Chile: an application of non-linear ARDL.
Environmental Science and Pollution Research, 28(32),
43908-43922. https://doi.org/10.1007/s11356-021-13830-9

Aghel, B., Behaein, S. and Alobiad, F. (2022). CO2 capture from
biogas by biomass-based adsorbents: A review. Fuel, 328,
125276. https://doi.org/10.1016/j.fuel.2022.125276

Atash Jameh, A., Mohammadi, T. and Bakhtiari, O. (2025). A
novel methanol medium modification of ZIF-8 nanoparticles
and their incorporation into the Pebax 1074 membranes for
simultaneous CO2 and H2S removal from natural gas.
Chemical Engineering Research and Design, 218, 682—696.
https://doi.org/https://doi.org/10.1016/j.cherd.2025.05.020

Balsamo, M., Cimino, S., de Falco, G., Erto, A. and Lisi, L. (2016).
Zn0O-CuO supported on activated carbon for H2S removal at
room temperature. Chemical Engineering Journal, 304, 399—
407. https://doi.org/https://doi.org/10.1016/j.cej.2016.06.085

Brito, J., Frade-Gonzalez, C., Almenglo, F., Gonzélez-Cortés, J. J,,
Valle, A., Duran-Ruiz, M. C. and Ramirez, M. (2025). Anoxic
desulfurization of biogas rich in hydrogen sulfide through
feedback control using biotrickling filters: Operational limits and
multi-omics analysis. Bioresource Technology, 428, 132439.
https://doi.org/https://doi.org/10.1016/j.biortech.2025.132439

Catherine, C. and Twizerimana, M. (2022). Biogas production
from thermochemically pretreated sweet potato root waste.
Heliyon, 8(9), e10376. https://doi.org/10.1016/j.heliyon.
2022.e10376

Cristiano, D. M., de A. Mohedano, R., Nadaleti, W. C., de
Castilhos Junior, A. B., Lourencgo, V. A., Gongalves, D. F. H.
and Filho, P. B. (2020). H2S adsorption on nanostructured
iron oxide at room temperature for biogas purification:
Application of renewable energy. Renewable Energy, 154,
151-160. https://doi.org/10.1016/j.renene.2020.02.054

Cui, S., Zhao, Y., Liy, Y. and Pan, J. (2022). Preparation of copper-based
biochar adsorbent with outstanding H2S adsorption capacity and
study on H2S removal. Journal of the Energy Institute, 105, 481—
490. https://doi.org/https://doi.org/10.1016/j.joei.2022.11.004

Das, J., Ravishankar, H. and Lens, P. N. L. (2022). Biological biogas
purification: Recent developments, challenges and future
prospects. Journal of Environmental Management,
304(September 2021), 114198. https://doi.org/10.1016/j.
jenvman.2021.114198

Do Vale Borges, A., Zamariolli Damianovic, M. H. R. and Torre, R.
M. (2025). Assessment of aerobic-anoxic biotrickling
filtration for the desulfurization of high-strength H2S
streams from sugarcane vinasse fermentation. Journal of

Hazardous Materials, 489, 137696. https://doi.org/https://
doi.org/10.1016/j.jhazmat.2025.137696

Dupnock, T. L. and Deshusses, M. A. (2020). Biological Co-
treatment of H2S and reduction of CO2 to methane in an

biological trickling filter upgrading biogas.
Chemosphere, 256, 127078. https://doi.org/10.1016/].
chemosphere.2020.127078

Eggemann, L., Rau, F. and Stolten, D. (2023). The ecological
potential of manure utilisation in small-scale biogas plants.
Applied Energy, 331(June 2022), 120445.
https://doi.org/10.1016/j.apenergy.2022.120445

Fan, H.-L., Sun, T., Zhao, Y.-P., Shangguan, J. and Lin, J.-Y. (2013).
Three-Dimensionally Ordered Macroporous Iron Oxide for

anoxic

Removal of H2S at Medium Temperatures. Environmental
Science & Technology, 47(9), 4859-4865. https://doi.org/10.
1021/es304791b

Feng, Y., Wen, J., Hu, Y., Wu, B., Wu, M. and Mi, J. (2017).
Evaluation of the cycling performance of a sorbent for H2S

and simulation of desulfurization-regeneration
processes. Chemical Engineering Journal, 326, 1255-1265.
https://doi.org/https://doi.org/10.1016/j.cej.2017.05.098

Fernandez, M. I., Go, Y. I., Wong, D. M. L. and Frih, W. G. (2024).
Review of challenges and key enablers in energy systems
towards net zero target: Renewables, storage, buildings and
grid technologies. Heliyon, 10(23), e40691. https://doi.org/
10.1016/j.heliyon.2024.e40691

Gao, P. P, Xue, P. Y., Dong, J. W., Zhang, X. M., Sun, H. X., Geng,
L. P, Luo, S. X., Zhao, J. J. and Liu, W. J. (2021). Contribution
of PM2.5-Pb in atmospheric fallout to Pb accumulation in

removal

Chinese cabbage leaves via stomata. Journal of Hazardous
Materials, 407(September 2020), 124356. https://doi.org/
10.1016/j.jhazmat.2020.124356

Huboyo, H. S., Zaman, B., Ramadan, B. S. and Prinaningrum, A. D.
(2022). Promising Adsorption of Sulfidic Acid Gases Using
Wet Banana Plant Adsorbent (Musa spp.). Journal of
Engineering and Technological ~ Sciences, 54(1).
https://doi.org/10.5614/j.eng.technol.sci.2022.54.1.10

IEA. (2024). World Energy Outlook. IEA.
https://iea.blob.core.windows.net/assets/a5ba91c9-ad41c-
420c-b42e-1d3e9b96a215/WorldEnergyOutlook2024.pdf

Jusoh, N., Adibah Tengku Hassan, T. N., Suhaimi, N. H. and Mubashir,
M. (2025). Hydrogen sulfide removal from biogas: An overview
of technologies emphasizing membrane separation. Separation
and Purification Technology, 373, 133466.
https://doi.org/https://doi.org/10.1016/j.seppur.2025.133466

Khalil, M., Berawi, M. A., Heryanto, R. and Rizalie, A. (2019).
Waste to energy technology: The potential of sustainable
biogas production from animal waste in Indonesia.
Renewable and Sustainable Energy Reviews, 105(July 2018),
323-331. https://doi.org/10.1016/j.rser.2019.02.011

Latosov, E., Loorits, M., Maaten, B., Volkova, A. and Soosaar, S.
(2017). Corrosive effects of H2S and NH3 on natural gas
piping systems manufactured of carbon steel. Energy
Procedia, 128, 316-323. https://doi.org/10.1016/j.egypro.
2017.08.319

Liu, Y., Li, H., Wei, G., Zhang, H., Li, X. and Jia, Y. (2014). Mass
transfer performance of CO2 absorption by alkanolamine
aqueous solution for biogas purification. Separation and
Purification Technology, 133, 476—-483. https://doi.org/10.
1016/j.seppur.2014.07.028



Liu, Y., Shi, S. and Wang, Y. (2021). Removal of pollutants from gas
streams using Fenton (-like)-based oxidation systems: A review.
Journal of  Hazardous Materials, 416, 125927.
https://doi.org/https://doi.org/10.1016/j.jhazmat.2021.125927

Maile, O. I., Muzenda, E. and Tesfagiorgis, H. (2017). Chemical
Absorption of Carbon Dioxide in Biogas Purification. Procedia
Manufacturing, 7, 639-646. https://doi.org/10.1016/].
promfg.2016.12.095

Malik, P., Awasthi, M. and Sinha, S. (2021). Biomass-based
gaseous fuel for hybrid renewable energy systems: An
overview and future research opportunities. International
Journal of Energy Research, 45(3), 3464-3494.
https://doi.org/https://doi.org/10.1002/er.6061

Ni, M., Leung, D. Y. C., Leung, M. K. H. and Sumathy, K. (2006). An
overview of hydrogen production from biomass. Fuel
Processing Technology, 87(5), 461-472.
https://doi.org/https://doi.org/10.1016/j.fuproc.2005.11.003

Noorain, R., Kindaichi, T., Ozaki, N., Aoi, Y. and Ohashi, A. (2019).
Biogas purification performance of new water scrubber
packed with sponge carriers. Journal of Cleaner Production,
214, 103-111. https://doi.org/10.1016/j.jclepro.2018.12.209

Nurjuwita, W., Sasongko, A., Hartanto, T. J. and Purwanto, M.
(2020). Potential and characterization biogas from tofu liquid
waste with addition cow dung and effective microorganisms
4 as biocatalyst. Materials Today: Proceedings, 46, 1908—
1912. https://doi.org/10.1016/j.matpr.2021.02.025

Omri, |., Aouidi, F., Bouallagui, H., Godon, J. J. and Hamdi, M.
(2013). Performance study of biofilter developed to treat
H2S from wastewater odour. Saudi Journal of Biological
Sciences, 20(2), 169-176. https://doi.org/10.1016/j.sjbs.
2013.01.005

Ozturk, M., Saba, N., Altay, V., Igbal, R., Hakeem, K. R., Jawaid, M.
and lbrahim, F. H. (2017). Biomass and bioenergy: An overview
of the development potential in Turkey and Malaysia.
Renewable and Sustainable Energy Reviews, 79(March), 1285—
1302. https://doi.org/10.1016/j.rser.2017.05.111

Petrovi¢, R., Lazarevi¢, S., Jankovi¢-Castvan, 1., Mati¢, T.,
Milivojevi¢, M., MiloSevi¢, D. and Veljovi¢. (2023). Removal
of trivalent chromium from aqueous solutions by natural
clays: Valorization of saturated adsorbents as raw materials
in ceramic manufacturing. Applied Clay Science, 231(July
2022). https://doi.org/10.1016/j.clay.2022.106747

Pompanon, F., Fouvry, S. and Alquier, O. (2022). Influence of the
relative humidity and H2S - SO2 polluted air on the fretting wear
behavior of silver-plated electrical contacts. Wear, 508—
509(July), 204455. https://doi.org/10.1016/j.wear.2022.204455

Renné, D. S. (2022). Progress, opportunities and challenges of
achieving net-zero emissions and 100% renewables. Solar
Compass, 1(March), 100007. https://doi.org/10.1016/].
solcom.2022.100007

Sumiyati, S., Huboyo, H. S. and Ramadan, B. S. (2019). Potential
Use of Banana Plant (Musa spp.) as Bio-sorbent Materials for
Controlling Gaseous Pollutants. E3S Web of Conferences,
125(201 9), 1-6. https://doi.org/10.1051/e3sconf/
201912503015

Sun, Y., Zhang, J. P., Wen, C. and Zhang, L. (2016). An enhanced
approach for biochar preparation using fluidized bed and its
application for H2S removal. Chemical Engineering and
Processing: Process Intensification, 104, 1-12.
https://doi.org/https://doi.org/10.1016/j.cep.2016.02.006

SETIYO et al.

Surra, E., Costa Nogueira, M., Bernardo, M., Lapa, N., Esteves, I.
and Fonseca, |. (2019). New adsorbents from maize cob
wastes and anaerobic digestate for H2S removal from
biogas. Waste Management, 94, 136-145.
https://doi.org/10.1016/j.wasman.2019.05.048

Tumusiime, E., Kirabira, J. B. and Musinguzi, W. B. (2022).
Optimization of substrate mixing ratios for wet anaerobic
digestion of selected organic waste streams for productive
biogas systems. Energy Reports, 8, 10409-10417.
https://doi.org/10.1016/j.egyr.2022.08.189

Vargas-Soplin, A. de J., Prochnow, A., Herrmann, C., Tscheuschner,
B. and Kreidenweis, U. (2022). The potential for biogas
production from autumn tree leaves to supply energy and
reduce greenhouse gas emissions — A case study from the city
of Berlin. Resources, Conservation and Recycling, 187(June).
https://doi.org/10.1016/j.resconrec.2022.106598

Vikromvarasiri, N., Champreda, V., Boonyawanich, S. and Pisutpaisal,
N. (2017). Hydrogen sulfide removal from biogas by biotrickling
filter  inoculated with  Halothiobacillus  neapolitanus.
International Journal of Hydrogen Energy, 42(29), 18425-18433.
https://doi.org/10.1016/j.ijhydene.2017.05.020

Vovusha, H., Hussain, T., Sajjad, M., Lee, H., Karton, A., Ahuja, R.
and Schwingenschlogl, U. (2019). Sensitivity enhancement of
stanene towards toxic SO2 and H2S. Applied Surface Science,
495(June), 143622. https://doi.org/10.1016/j.apsusc.2019.
143622

Wahyudi, R. S., Huboyo, H. S., Sutrisno, E. and Zaman, B. (2022).
Characteristics of Banana Leaves as Gaseous Biosorbent. /OP
Conference Series: Earth and Environmental Science, 1098(1).
https://doi.org/10.1088/1755-1315/1098/1/012063

Wahyudi, R. S., Huboyo, H. S. and Zaman, B. (2023). Removal of
Hydrogen Sulfide Gas Pollutants with Various Wet Banana
Leaf Types. Water, Air, and Soil Pollution, 234(5), 1-13.
https://doi.org/10.1007/s11270-023-06301-z

Wang, Q., Xia, C., Alagumalai, K., Thanh Nhi Le, T., Yuan, Y.,
Khademi, T., Berkani, M. and Lu, H. (2023). Biogas generation
from biomass as a cleaner alternative towards a circular
bioeconomy: Artificial intelligence, challenges, and future
insights. Fuel, 333(P2), 126456. https://doi.org/10.1016/j.
fuel.2022.126456

Wang, Y., Wang, Y. and Liu, Y. (2020). Removal of gaseous
hydrogen sulfide using ultraviolet/Oxone-induced oxidation
scrubbing system. Chemical Engineering Journal, 393, 124740.
https://doi.org/https://doi.org/10.1016/j.cej.2020.124740

Wang, Y., Wang, Z., Pan, J. and Liu, Y. (2019). Removal of
gaseous hydrogen sulfide using Fenton reagent in a spraying
reactor. Fuel, 239, 70-75. https://doi.org/https://doi.org/10.
1016/j.fuel.2018.10.143

Zhang, B., Wang, Y., Zhu, H., Huang, S., Zhang, J., Wu, X., Li, B.
and Xiao, X. (2022). Evaluation of H2S gas removal by a
biotrickling filter: Effect of oxygen dose on the performance
and  microbial communities. Process Safety and
Environmental Protection, 166(March), 30-40.
https://doi.org/10.1016/j.psep.2022.07.054

Zhang, C., Sun, Y., Cao, T., Wang, W., Huo, S. and Liu, Z. H.
(2022). Influence of organic load on biogas production and
response of microbial community in anaerobic digestion of
food waste. International Journal of Hydrogen Energy,
47(77), 32849-32860. https://doi.org/10.1016/j.ijhydene.
2022.07.187



Zhang, H., Wang, J,, Liu, T., Zhang, M., Hao, L., Phoutthavong, T.

and Liang, P. (2021). Cu-Zn oxides nanoparticles supported
on SBA-15 zeolite as a novel adsorbent for simultaneous
removal of H2S and Hg0 in natural gas. Chemical Engineering
Journal, 426, 131286. https://doi.org/https://doi.org/10.
1016/j.cej.2021.131286

Zheng, W., Ma, Y., Tigabu, M., Yi, Z., Guo, Y., Lin, H., Huang, Z.

and Guo, F. (2022). Capture of fire smoke particles by leaves
of Cunninghamia lanceolata and Schima superba, and
importance of leaf characteristics. Science of the Total
Environment, 841(June), 156772. https://doi.org/10.1016/].
scitotenv.2022.156772

FEASIBILITY STUDY TOWARD BIOGAS PURIFICATION OF H2S IMPURITIES USING WET AND DRY BANANA LEAVES 9

Zhuo, Y., Yang, P., Zhou, M., Peng, D. and Han, Y. (2022). Low
H2S content biogas biodesulfurization from high solid sludge
anaerobic digestion using limited external aeration
biotrickling filter: Effect of gas-liquid pattern on oxygen
utilization  performance. Journal of Environmental
Management, 314(February), 115084. https://doi.org/10.
1016/j.jenvman.2022.115084

Zito, P. F., Brunetti, A. and Barbieri, G. (2022). Renewable

biomethane production from biogas upgrading via
membrane separation: Experimental analysis and multistep
configuration design. Renewable Energy, 200(July), 777-787.
https://doi.org/10.1016/j.renene.2022.09.124





