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Abstract. Biogas utilization from agricultural waste in Indonesia remains
underdeveloped despite its significant potential as a renewable energy source.
Biogas produced through anaerobic digestion contains a high concentration of
carbon dioxide (CO:), which lowers its calorific value and limits its direct use
as a clean fuel. Therefore, biogas upgrading is necessary to increase methane
(CHa4) concentration and improve fuel quality. This study evaluates the
performance of banana fiber as a natural adsorbent for methane enhancement
and carbon dioxide removal in biogas. Banana fiber was selected because of its
lignocellulosic composition and porous structure, which provide potential
adsorption sites for gas molecules. The experimental setup employed a fixed-
bed filtration system in which raw biogas from an anaerobic digester was passed
through a column packed with untreated banana fiber. Gas samples were
collected before and after filtration and analyzed using Gas Chromatography—
Mass Spectrometry (GC—MS) to determine changes in CHs and CO:
concentrations. The results showed that methane concentration increased from
51.37% to 60.84%, corresponding to an enhancement of 9.47%, while carbon
dioxide concentration decreased from 48.63% to 39.15%, representing a
reduction of 9.48%. These findings indicate that banana fiber effectively
improves biogas quality by selectively adsorbing CO: and enriching methane
content. The adsorption performance is attributed to the presence of hydroxyl
(—-OH) and carboxyl (~COOH) functional groups in the lignocellulosic structure
of banana fiber, which facilitate physical adsorption and enhance gas—solid
interactions. In addition, the porous structure of the fiber increases surface area
and supports adsorption efficiency. This study demonstrates the effectiveness
of untreated banana fiber as a low-cost and environmentally friendly adsorbent
for biogas upgrading using GC-MS analysis. The findings highlight its
potential application in small-scale and decentralized renewable energy
systems, particularly in rural and agricultural areas. Furthermore, the study
provides important implications for laboratory-scale biogas purification
systems and future industrial biogas upgrading applications.
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1. INTRODUCTION
The increasing global demand for sustainable and environmentally friendly energy sources has become a
critical issue due to climate change, environmental degradation, and the depletion of fossil fuel reserves. The
continued dependence on fossil fuels has significantly contributed to greenhouse gas emissions, which are the
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main drivers of global warming and environmental instability. Therefore, the development of renewable energy
technologies has become an essential strategy to achieve energy sustainability and reduce environmental impact
[1], [18]. Among various renewable energy sources, biogas has emerged as a promising alternative due to its
ability to convert organic waste into usable energy. Biogas is produced through the anaerobic digestion of organic
materials such as agricultural residues, livestock manure, and food waste. Anaerobic digestion has been widely
studied for organic waste treatment [14]. This process not only generates energy but also contributes to waste
management and environmental protection, making it an important component in circular economy systems [17],
[18].

However, raw biogas contains a significant amount of carbon dioxide (CO-), which reduces its calorific value
and limits its direct application as a clean fuel. The presence of CO- leads to lower combustion efficiency, unstable
flame characteristics, and reduced energy output. Therefore, biogas upgrading is required to increase methane
(CHa4) concentration and improve overall fuel quality [2], [3]. Various technologies have been developed for biogas
upgrading, including water scrubbing, chemical absorption, membrane separation, and pressure swing adsorption.
Although these methods are effective, they generally require high capital investment, complex operational systems,
and considerable energy consumption [4]. These limitations make conventional upgrading technologies less
suitable for small-scale and decentralized applications, particularly in rural areas.

To address these challenges, recent studies have focused on the use of low-cost and environmentally friendly
adsorbents derived from biomass. Natural fibers have gained considerable attention due to their abundance,
biodegradability, and renewable characteristics. Lignocellulosic materials such as rice husk, coconut fiber, and
agricultural residues have demonstrated potential for gas adsorption due to their porous structure and the presence
of functional groups that facilitate gas interaction [5], [6]. Banana fiber is one of the most abundant agricultural
wastes in tropical regions and is often underutilized. It consists primarily of cellulose, hemicellulose, and lignin,
which provide a fibrous and porous structure suitable for adsorption processes. The presence of polar functional
groups such as hydroxyl (-OH) and carboxyl (~COOH) enables banana fiber to interact with gas molecules,
particularly carbon dioxide, through physical adsorption mechanisms such as hydrogen bonding and van der Waals
interactions [6]. From a sustainability perspective, the utilization of banana fiber aligns with the concept of circular
economy, where agricultural waste is transformed into value-added materials for energy applications. This
approach not only reduces environmental pollution but also enhances resource efficiency and supports sustainable
energy production, especially in developing regions. Previous studies have shown that natural fibers can improve
biogas quality by reducing carbon dioxide and increasing methane concentration.

Previous studies have also confirmed that lignocellulosic materials contain active functional groups that
contribute significantly to adsorption processes [5], [7]. However, the adsorption performance of natural fibers
varies depending on their chemical composition, surface characteristics, and structural properties. Despite the
growing interest in biomass-based adsorbents, studies specifically investigating untreated banana fiber as a direct
adsorbent for biogas upgrading remain very limited. Most previous studies have focused on activated carbon,
chemically modified biomass, or synthetic adsorbent materials [18], [19], which often require additional chemical
treatment, higher production costs, and more complex preparation processes. In contrast, untreated banana fiber
offers advantages in terms of availability, low cost, biodegradability, and environmental sustainability, making it
highly suitable for decentralized and small-scale renewable energy systems. In addition, previous studies have
generally concentrated only on changes in biogas composition without providing detailed analysis of the
adsorption mechanism occurring within the adsorbent material. Limited studies have integrated gas composition
analysis with material characterization techniques to explain the interaction between biomass fibers and gas
molecules during the adsorption process. Therefore, a comprehensive understanding of both adsorption
performance and molecular interaction mechanisms remains insufficient [20].

This study is distinct because it combines Gas Chromatography—Mass Spectrometry (GC—MS) analysis and
Fourier Transform Infrared (FTIR) characterization to evaluate both methane enhancement performance and
adsorption mechanisms in untreated banana fiber. Furthermore, the implementation of a fixed-bed upflow
adsorption configuration provides a simple, low-cost, and practical purification system suitable for laboratory-
scale and rural biogas upgrading applications. The novelty of this research lies not only in the use of untreated
banana fiber as a sustainable adsorbent material, but also in the integration of performance evaluation and
functional group characterization to explain the adsorption behavior of carbon dioxide in a biogas purification
system. Therefore, this study aims to evaluate the effectiveness of banana fiber as a natural adsorbent for methane
enhancement through carbon dioxide removal using GC—MS analysis, supported by FTIR characterization to
explain the adsorption mechanism in a fixed-bed filtration system. This research is expected to contribute to the
development of environmentally friendly and economically feasible biogas upgrading technologies for small-scale
renewable energy applications [21]. In addition to conventional upgrading technologies, several studies have
explored the use of packing materials and biofiltration systems for biogas purification. These approaches utilize
natural or engineered media to enhance gas—solid interaction and improve removal efficiency of unwanted gases
such as carbon dioxide and hydrogen sulfide [10], [11], [12]. Furthermore, hydrogen sulfide removal using bio-
based adsorbents has also been widely investigated due to its corrosive nature and environmental impact [9].
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2. METHODS

2.1 Materials

The materials used in this study consisted of banana fiber as a natural adsorbent and raw biogas obtained from an
anaerobic digester. Banana fiber was selected due to its lignocellulosic composition, which includes cellulose,
hemicellulose, and lignin that provide potential adsorption sites for gas molecules [5], [6]. The biogas used in this
study was generated from the anaerobic digestion of organic waste and collected directly from the digester outlet.
Biogas generally consists of methane (CH4) and carbon dioxide (CO-) as the main components, which determine
its energy quality [2], [3]. Therefore, these two parameters were used as the main indicators in evaluating the
performance of the adsorption process.

2.2 Experimental Setup

The experimental system was designed using a fixed-bed adsorption method to evaluate the performance of banana
fiber in improving biogas quality. Fixed-bed systems are widely used in gas purification due to their simplicity,
low cost, and effectiveness in adsorption processes [4]. Previous studies have demonstrated that the effectiveness
of fixed-bed systems is influenced by parameters such as packing material characteristics, gas residence time, and
flow configuration, which directly affect adsorption performance [10], [12].

2.2.1 Operational Parameters

Several operational parameters were controlled during the experimental process to ensure stable adsorption
performance and reproducibility of the system. The fixed-bed adsorption column was constructed using a PVC
tube with an inner diameter of 7.5 cm and a total height of 50 cm. The adsorption column was packed with
approximately 250 g of untreated banana fiber using a loose packing configuration to maintain porosity and
minimize pressure drop during gas flow.

The raw biogas flow rate was maintained at approximately 2 L/min using a manual flow control valve. The
filtration process was conducted under atmospheric pressure conditions with an estimated gas residence time of
approximately 45—60 seconds inside the adsorption column. The upflow configuration was selected to improve
gas distribution and maximize gas—solid interaction between biogas and the banana fiber adsorbent.

The experiments were performed at ambient laboratory temperature ranging from 28—30°C. Gas samples were
collected before filtration (inlet) and after filtration (outlet) using gas sampling bags for subsequent GC-MS
analysis. All experiments were conducted in triplicate to ensure data reliability and reproducibility.
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Figure 1. Research flowchart of biogas upgrading using banana fiber
Figure 1 illustrates the overall research workflow used in this study. The process begins with banana fiber

preparation and raw biogas collection, followed by the adsorption filtration process using a fixed-bed system. The
workflow also includes GC—MS analysis for gas composition evaluation and FTIR characterization to investigate
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the adsorption mechanism occurring in the banana fiber after filtration. The research procedure consisted of several
stages, including banana fiber preparation, experimental setup, raw biogas collection, flow regulation, filtration
process, gas sampling, GC—MS analysis, FTIR characterization, and data interpretation.

¥ BIOGAS

@ » ()

Figure 2. Schematic diagram of the experimental setup: (a) raw biogas source, (b) flow control valve, (c)
monitoring gauge, (d) banana fiber filter column, and (e) biogas sampling bag

Figure 2 presents the schematic configuration of the fixed-bed biogas filtration system used in this study.
The upflow system configuration was designed to improve gas distribution and increase contact between the
biogas and the banana fiber adsorbent. The filtration column serves as the main adsorption chamber where carbon
dioxide reduction and methane enrichment occur during the purification process. The system consisted of five
main components. Raw biogas (a) was collected from the anaerobic digester outlet and directed into the system.
The gas flow was regulated using a control valve (b) to maintain stable operating conditions. A monitoring gauge
(c) was used to observe the gas flow condition during the experiment. The biogas was then passed through a
fixed-bed filtration column (d) packed with banana fiber, where the adsorption process occurred. The system was
operated using an upflow configuration to enhance gas—solid interaction and ensure uniform gas distribution within
the column. After filtration, the treated biogas was collected in a sampling bag (e). Gas samples were collected
before filtration (inlet) and after filtration (outlet) using biogas sampling bags. The samples were subsequently
analyzed using Gas Chromatography—Mass Spectrometry (GC-MS) to determine methane (CHa) and carbon
dioxide (CO2) concentrations. GC—MS analysis was conducted to quantitatively determine methane (CH4) and
carbon dioxide (CO:) concentrations before and after filtration. The gas samples were analyzed under standardized
laboratory conditions to ensure measurement consistency and accuracy. The obtained chromatograms were
interpreted based on peak area percentage to evaluate changes in gas composition resulting from the adsorption
process.

Table 1. Operational parameters of the adsorption system

Parameter Value
Column material PVC
Column diameter 7.5 cm
Column height 50 cm
Banana fiber mass 250 g
Flow rate 2 L/min
Residence time 45-60 s
Operating temperature 28-30°C
Flow configuration Upflow

Experimental repetition ~ Triplicate

2.3 Banana Fiber Preparation and Characteristics
The banana fiber used in this study was obtained from agricultural residues. The fibers were cleaned using water
to remove impurities such as dust and dirt. After cleaning, the fibers were air-dried to reduce moisture content
while maintaining their natural structure. -

,Q‘E

After drying, the fibers were cut into uniform lengths to ensure consistent packing within the filtration
column. The banana fibers were packed uniformly inside the adsorption column with a loose packing
arrangement to maintain adequate porosity, reduce channeling effects, and facilitate uniform gas distribution
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during the ﬁltratlon process. To further understand the adsorption mechanism, the banana fiber was characterized
using Fourier Transform Infrared (FTIR) spectroscopy before and after the biogas filtration process. FTIR
analysis was conducted to identify functional groups present in the banana fiber and to observe changes in
chemical structure due to interaction with biogas components. FTIR characterization was performed within the
wavenumber range of 4000-500 cm™ to identify functional groups involved in the adsorption process. The
spectra obtained before and after filtration were compared to observe changes in peak intensity and peak position
associated with interaction between banana fiber and carbon dioxide molecules. The FTIR spectra were analyzed
to identify key functional groups such as hydroxyl (-OH), carbonyl (C=0), C—H, and C-O groups, which are
known to play an important role in adsorption processes [6], [8]. Changes in peak intensity and peak position were
used as indicators of interaction between banana fiber and carbon dioxide molecules

2.4 Data Analysis

The performance of banana fiber as a natural adsorbent was evaluated by comparing methane (CHa4) and carbon
dioxide (CO:) concentrations before and after filtration. The adsorption performance evaluation was based on
average values obtained from three repeated experiments. The results were expressed as mean =+ standard deviation
to assess the consistency and repeatability of the adsorption process. Descriptive statistical analysis was applied
to compare methane enhancement and carbon dioxide reduction before and after filtration. The percentage increase
in methane concentration and the percentage reduction in carbon dioxide were calculated using the following
equations:

: — Shata=Cihsasme 100 m
CH  increase (%) CHapefore
— COZ,befnre_COZ,after X 100 (2)
2 .
CO’ reduction (%) COZ,befnre

These calculations were used to evaluate the effectiveness of banana fiber in improving biogas quality.

3. RESULTS AND DISCUSSION

3.1 Methane (CH4) Enhancement

The performance of banana fiber as a natural adsorbent was evaluated based on its ability to increase methane
(CHa) concentration in biogas. The experimental results are presented in Table 2.

Table 2. GC-MS results of biogas composition before and after filtration using banana fiber

Gas Component Before Filtration (%) After ?;1/lt)ratlon
(1]
CHa 51.37+£0.72 60.84 +0.95
CO2 48.63 + 0.68 39.15+0.88

The results presented in Table 2 represent the average values obtained from three repeated experiments.
The relatively low standard deviation values (< £1.5%) indicate that the adsorption process showed good
repeatability and stable operational performance under the selected experimental conditions. These findings
demonstrate that the fixed-bed adsorption system using banana fiber produced consistent methane
enhancement and carbon dioxide reduction during repeated filtration cycles.

Methane (CH4) Concentration Before and After Filtration
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Figure 4. Methane (CHa4) concentration before and after filtration using banana fiber
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Figure 4 illustrates the increase in methane concentration after the biogas filtration process using banana
fiber. The increase in methane concentration indicates that the adsorption system effectively reduced non-
combustible gases, particularly carbon dioxide, thereby increasing the relative methane fraction in the biogas
mixture. The increase in methane concentration is not due to methane generation but rather a relative enrichment
effect caused by the removal of non-combustible gases, particularly carbon dioxide (CO:z). As CO- concentration
decreases, the volumetric fraction of methane increases proportionally, resulting in improved biogas quality [4].
The effectiveness of methane enrichment is closely related to the physical structure of banana fiber. The fibrous
and porous morphology provides a large surface area, which enhances gas—solid interaction and facilitates
selective adsorption of CO.. This indirect mechanism results in increased methane concentration without altering
the chemical structure of methane. Similar methane enrichment behavior has been reported in previous studies
using bio-based adsorbents, where selective removal of non-combustible gases leads to an increase in methane
concentration without altering its chemical composition [11], [13]. From a practical standpoint, the increase in
methane concentration directly improves the calorific value of biogas, making it more suitable for applications
such as cooking, heating, and electricity generation. These results indicate that banana fiber has strong potential
as a low-cost material for biogas upgrading. From an engineering perspective, the methane enhancement observed
in this study demonstrates the potential applicability of banana fiber for low-cost biogas upgrading systems. The
increase in methane concentration contributes directly to higher calorific value and improved combustion
efficiency, which are important parameters for household energy applications and small-scale electricity
generation systems. The stable adsorption performance observed during repeated experiments also indicates that
banana fiber can function effectively under continuous gas flow conditions.

3.2 Carbon Dioxide (CO2) Reduction
The ability of banana fiber to reduce carbon dioxide (CO:) concentration was also evaluated. The results show that
CO: concentration decreased from 48.63% to 39.15%, corresponding to a reduction of 9.48% after filtration.

Carbon Dioxide (CO2) Concentration Before and After Filtration
50

1= £
(=] =]
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CO2 Concentration (%)
28]
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10 ~

Before After
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Figure 5. Carbon dioxide (CO:) concentration before and after filtration using banana fiber

Figure 5 shows the decrease in carbon dioxide concentration after the adsorption process using banana
fiber. The reduction in CO: concentration confirms the adsorption capability of the lignocellulosic structure of
banana fiber, which provides active adsorption sites for gas molecule interaction. The reduction in CO:
concentration can be explained through adsorption mechanisms occurring on the surface of banana fiber. This
process can be described as:

CO2(g) + S — CO2-S 3)

Where S represents the surface of the banana fiber acting as an adsorbent.

Banana fiber contains lignocellulosic components such as cellulose, hemicellulose, and lignin, which provide
active sites for adsorption. Functional groups such as hydroxyl (-OH) and carboxyl (~COOH) play an important
role in attracting CO2 molecules through physical adsorption mechanisms, including hydrogen bonding and van
der Waals interactions [5], [6]. In addition, the porous structure of banana fiber enhances diffusion and provides a
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large surface area, allowing more CO: molecules to be captured during the filtration process. The upflow
configuration used in this study further improves gas—solid interaction and reduces channeling effects. Although
the adsorption process is predominantly physical, the interaction between CO- and functional groups on the fiber
surface contributes to the overall effectiveness of the system. The observed CO: reduction is consistent with
previous findings on biomass-based adsorbents, where lignocellulosic materials have shown promising
performance in capturing carbon dioxide due to their porous structure and functional group interactions [9], [10],
[13].

3.3 FTIR Analysis of Banana Fiber
To further investigate the adsorption mechanism, Fourier Transform Infrared (FTIR) analysis was conducted to
identify changes in the functional groups of banana fiber before and after the filtration process.
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Figure 6. FTIR spectra of banana fiber before and after biogas filtration

Figure 6 presents the FTIR spectra of banana fiber before and after biogas filtration. The observed changes in
peak intensity and the appearance of new absorption peaks indicate that interactions occurred between the banana
fiber surface and biogas components during the adsorption process. The FTIR spectra of banana fiber before
filtration show characteristic absorption bands at 3300-3500 cm™ corresponding to hydroxyl (—OH) groups,
2909 cm™ associated with C—H stretching, and 1615 cm™ related to aromatic C=C bonds from lignin. These
peaks confirm the typical lignocellulosic structure of banana fiber. After the filtration process, several changes in
the FTIR spectra were observed. The intensity of the C—H stretching band decreased from 7.101 to 4.494,
indicating partial degradation or interaction of cellulose components during the filtration process. In addition, new
absorption peaks appeared at 1722 cm™ and 1015 ecm™, corresponding to carbonyl (C=0) and C-O functional
groups, respectively. The emergence of these peaks suggests that chemical adsorption interactions occurred
between the banana fiber and biogas components. The appearance of the carbonyl group (C=O) indicates
possible oxidation or transformation of hydroxyl groups (—OH) during the adsorption process. This suggests that
CO:2 molecules interact with the polar functional groups of banana fiber through surface interaction mechanisms.
Furthermore, the presence of C—O stretching bands confirms the active role of cellulose in providing adsorption
sites. The relatively stable aromatic C=C peak indicates that the lignin structure remains largely intact,
suggesting that the fiber maintains its structural integrity during the filtration process. These FTIR results support
the GC-MS findings, where CO- concentration decreased and methane concentration increased after filtration.
Therefore, it can be concluded that banana fiber acts not only as a physical filter but also as an active adsorbent
through a combination of physical adsorption and weak chemical interactions. Previous studies have also
confirmed that natural fibers exhibit active functional groups that contribute significantly to adsorption processes.
These functional groups play a crucial role in facilitating gas—solid interactions and enhancing adsorption
efficiency [16], [17]. This result indicates that banana fiber has comparable performance to other biomass-based
adsorbents reported in previous studies. Compared to previous studies using activated carbon or chemically
modified biomass adsorbents, the methane enhancement achieved in this study demonstrates that untreated
banana fiber can provide competitive adsorption performance while maintaining lower operational cost and
simpler preparation procedures. Although the adsorption efficiency is still lower than some commercial adsorbent
systems, the environmental sustainability
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and economic advantages of banana fiber make it highly promising for decentralized renewable energy
applications.

Table 3. FTIR peak assignment of banana fiber before and after filtration

Wavenumber (cm™) Functional Group Interpretation
3300-3500 —-OH Hydroxyl stretching vibration
2909 C-H Cellulose stretching
1722 C=0 Carbonyl interaction after adsorption
1615 Aromatic C=C Lignin structure
1015 Cc-0 Cellulose adsorption site

Although the adsorption results were promising, the adsorption capacity of banana fiber may decrease over
prolonged operational periods due to saturation of active adsorption sites. Therefore, further studies are necessary
to evaluate long-term adsorption performance, regeneration capability, and maximum adsorption capacity under
varying operational conditions.

4. CONCLUSION

This study evaluated the performance of banana fiber as a natural adsorbent for biogas upgrading using a fixed-
bed filtration system, focusing on methane (CHs) enhancement and carbon dioxide (CO:) reduction. The
experimental results demonstrated that banana fiber effectively improved biogas quality through a simple and
environmentally friendly adsorption process. GC—MS analysis showed that methane concentration increased from
51.37% to 60.84%, corresponding to an enhancement of 9.47%, while carbon dioxide concentration decreased
from 48.63% to 39.15%, representing a reduction of 9.48%. These findings indicate that banana fiber can
selectively adsorb carbon dioxide and contribute to methane enrichment in biogas systems. The FTIR
characterization further confirmed the adsorption mechanism by revealing changes in functional groups after the
filtration process. The decrease in C—H stretching intensity and the appearance of carbonyl (C=0) and C-O
functional groups indicate that interactions occurred between the lignocellulosic structure of banana fiber and
carbon dioxide molecules during adsorption. The results demonstrate that banana fiber functions not only as a
physical filtration medium but also as an active adsorbent through surface interaction mechanisms. From a
practical perspective, banana fiber offers several advantages, including low cost, wide availability,
biodegradability, and environmental sustainability. The utilization of agricultural waste materials as adsorbents
supports circular economy principles and provides a feasible alternative for small-scale and decentralized biogas
upgrading systems, particularly in rural and developing regions. Despite the promising results, this study has
several limitations. The adsorption performance was evaluated only under laboratory-scale conditions and within
a relatively short operational period. The maximum adsorption capacity, saturation behavior, regeneration
capability, and long-term stability of banana fiber were not investigated in this study. In addition, operational
parameters such as humidity, pressure variation, packing density, and prolonged continuous gas flow may
significantly influence adsorption efficiency and require further evaluation. Therefore, future studies are
recommended to investigate adsorption capacity, breakthrough behavior, regeneration performance, multi-stage
filtration systems, and optimization of operational parameters to improve long-term adsorption efficiency and
support potential industrial-scale implementation of banana fiber-based biogas purification systems. Overall, this
study demonstrates that untreated banana fiber has strong potential as a sustainable biomass-based adsorbent for
low-cost biogas upgrading applications.

5. ACKNOWLEDGEMENT

The authors would like to thank the New Renewable and Conservation Energy Laboratory, Faculty of Engineering,
Udayana University, and the Electrical Engineering Laboratory, Faculty of Engineering and Informatics, Undiknas
University, for providing the facilities and support necessary to conduct this research.

6. REFERENCES

[1] Intergovernmental Panel on Climate Change (IPCC), Climate Change 2021: The Physical Science Basis.
Cambridge University Press, 2021.

[2] E. Ryckebosch, M. Drouillon, and H. Vervaeren, “Techniques for transformation of biogas to
biomethane,” Biomass and Bioenergy, vol. 35, no. 5, pp. 1633-1645, 2011. doi:

Journal Of Engineering Design And Technology = 156



LGG’C Jurnal Rancang Bangun dan Teknologi

Vol. 26 No. 2 July 2026

(JOURNAL ENGINEERING DESIGN AND TECHNOLOGY)

10.1016/j.biombioe.2011.02.033

[3] M. Andlar, H. Belskaya, G. Morzak, M. Ivanci¢ Santek, T. Rezi¢, V. Petravi¢ Tominac, and B. Santek,
"Biogas production systems and upgrading technologies: A review," Food Technology and
Biotechnology, vol. 59, no. 4, pp. 387-412, 2021. doi: 10.17113/ftb.59.04.21.7300.

[4] Q. Sun, H. Li,J. Yan, L. Liu, Z. Yu, and X. Yu, “Selection of appropriate biogas upgrading technology—
A review of biogas cleaning, upgrading and utilisation,” Renewable and Sustainable Energy Reviews,
vol. 51, pp. 521-532, 2015. doi: 10.1016/j.rser.2015.06.029.

[5] S. Li, X. Yuan, S. Deng, L. Zhao, and K. B. Lee, “A review on biomass-derived CO: adsorption capture:
Adsorbent, adsorber, adsorption, and advice,” Renewable and Sustainable Energy Reviews, vol. 152,
111708, 2021. doi: 10.1016/j.rser.2021.111708.

[6] M. Sevilla and A. B. Fuertes, “CO2 adsorption by activated templated carbons,” Journal of Colloid and
Interface Science, vol. 366, no. 1, pp. 147-154, 2012. doi: 10.1016/j.jcis.2011.09.038.

[7] K. K. Pandey, “A study of chemical structure of soft and hardwood and wood polymers by FTIR
spectroscopy,” Journal of Applied Polymer Science, vol. 71, no. 12, pp. 1969-1975, 1999. doi:
10.1002/(SICT)1097-4628(19990321)71:12<1969::AID-APP6>3.0.CO;2-D

[8] P. Weiland, "Biogas production: Current state and perspectives," Applied Microbiology and
Biotechnology, vol. 85, no. 4, pp. 849-860, 2010. doi: 10.1007/s00253-009-2246-7.

[9] N. N. Zulkefli, M. S. Masdar, W. N. R. Wan Isahak, J. M. Jahim, S. A. M. Rejab, and C. C. Lye, “Removal
of hydrogen sulfide from a biogas mimic by using impregnated activated carbon adsorbent,” PLOS ONE,
vol. 14, no. 2, e0211713, 2019. doi: 10.1371/journal.pone.0211713.

[10] I. W. Sutama, I. N. S. Winaya, I. B. A. Swamardika, R. S. Hartati, I. M. P. T. Prakasa and A. P. Abiyasa,
"Performance Evaluation of Coconut Shell Carbon Fe:Os Composite Filters for Biogas
Purification," 2025 International Conference on Smart-Green Technology in Electrical and Information
Systems (ICSGTEIS), Denpasar, Bali, Indonesia, 2025, pp- 25-29, doi:
10.1109/ICSGTEIS68532.2025.11284472.

[11] M. Balys, E. Brodawka, G. S. Jodtowski, J. Szczurowski, and M. W¢jcik, “Alternative Materials for the
Enrichment of Biogas with Methane,” Materials, vol. 14, no. 24, 7759, 2021. doi: 10.3390/ma14247759.

[12] R. Muiioz, L. Meier, 1. Diaz, and D. Jeison, “A review on the state-of-the-art of physical/chemical and
biological technologies for biogas upgrading,” Reviews in Environmental Science and Bio/Technology,
vol. 14, pp. 727-759, 2015. doi: 10.1007/s11157-015-9379-1.

[13] A. A. Olajire, "CO2 capture and separation technologies for end-of-pipe applications—A review,"
Energy, vol. 35, no. 6, pp. 2610-2628, 2010. doi: 10.1016/j.energy.2010.02.030.
[14] P. H. L. Nguyen, P. Kuruparan, and C. Visvanathan, “Anaerobic digestion of municipal solid waste as a

treatment prior to landfill,” Bioresource Technology, vol. 98, no. 2, pp. 380-387, 2007. doi:
10.1016/j.biortech.2005.12.018.

[15] M. Mohammed, I. Ozbay, and E. Durmusoglu, “Bio-drying of green waste with high moisture content,”
Process Safety and Environmental Protection, vol. 111, pp. 420-427, 2017. doi:
10.1016/j.psep.2017.08.002.

[16] D. Haldar, N. Bhattacharjee, A. M. Shabbirahmed, A. G. Sathyanesan, A. K. Patel, J. S. Chang, C. D.
Dong, and R. R. Singhania, “Purification of biogas for methane enrichment using biomass-based
adsorbents: A  review,” Biomass and Bioenergy, vol. 173, 106804, 2023. doi:
10.1016/j.biombioe.2023.106804.

[17] I. Angelidaki, L. Treu, P. Tsapekos, G. Luo, S. Campanaro, H. Wenzel, and P. G. Kougias, “Biogas
upgrading and utilization: Current status and perspectives,” Biotechnology Advances, vol. 36, no. 2, pp.
452-466, 2018. doi: 10.1016/j.biotechadv.2018.01.011.

[18] R. Kapoor, P. Ghosh, B. Tyagi, V. K. Vijay, V. Vijay, L. S. Thakur, H. Kamyab, D. D. Nguyen, and A.
Kumar, “Advances in biogas valorization and utilization systems: A comprehensive review,” Journal of
Cleaner Production, vol. 273, 123052, 2020. doi: 10.1016/j.jclepro.2020.123052.

[19] M. S. Shafeeyan, W. M. A. W. Daud, A. Houshmand, and A. Shamiri, "A review on surface modification
of activated carbon for carbon dioxide adsorption," Journal of Analytical and Applied Pyrolysis, vol. 89,
no. 2, pp. 143-151, 2010. doi: 10.1016/.jaap.2010.07.006.

[20] L. Chinea, J. C. Abanades, and M. C. Romano, "Methane enrichment of biogas using carbon capture
materials," Fuel, vol. 337, 127161, 2023. doi: 10.1016/j.fuel.2022.127161.

Journal Of Engineering Design And Technology = 157



