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Abstract- This study aims to optimize the purification of biogas derived from Palm Oil Mill Effluent (POME) through a
comprehensive system utilizing desulfurization and water scrubbing techniques. The primary focus is reducing the
concentrations of hydrogen sulfide (H»S) and carbon dioxide (CO,), enhancing the quality and calorific value of methane (CH4)
in the biogas. A biogas purification system was constructed, comprising gas conditioning, water scrubber, desulfurization, and
water torrents units. The system employed activated carbon and zeolite as absorbents in the desulfurization process. Gas detection
sensors were utilized to measure CHa, CO», H,S, and oxygen levels before and after purification. The analysis revealed that the
purification system effectively reduced CO, and H,S concentrations, Zeolite demonstrated efficient H,S removal due to its
porous nature. However, its CO> removal capacity was limited, possibly due to the absence of prior activation. Activated carbon,
known for its strong H,S adsorption capability, proved to be a superior adsorbent. The combination of activated carbon
desulfurization, biogas conditioning, and water scrubber units optimized the removal of both H,S and CO; of biogas derived
from POME. The system achieved a substantial reduction in CO; levels, leading to a 24.54% decrease. H>S concentrations were
reduced by more than 90% through the application of activated carbon. The arrangement also ensures effective removal of H,S
before entering gas conditioning and water scrubber units, preventing equipment corrosion. This optimized purification process
enhances biogas quality, elevating the calorific value of methane for various applications.

Keywords Anaerobic digestion, biogas production, desulfurization system, palm oil mill effluent, water scrubber.
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1. Introduction

Palm Oil Mill Effluent (POME) is a by-product generated
during the extraction of oil from Fresh Fruit Bunches (FFB) in
Palm Oil Mills (POMs). This effluent is characterized by high
levels of diverse organic molecules, including lipids, fatty
acids, carbohydrates, nitrogenous compounds, proteins, and
various minerals, as summarized in Table 1 [1-7] Its
substantial Chemical Oxygen Demand (COD) concentration
makes POME a promising candidate for biogas production via
anaerobic digestion.

Anaerobic digestion of POME involves a series of
microbiological  processes:  hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. Anaerobic digestion refers
to the degradation of organic compounds by anaerobic
microbes in an oxygen-free environment [3], primarily
producing biogas consisting of methane (CH4) and carbon
dioxide (CO,), with minor components like hydrogen (H»),
hydrogen sulfide (H,S), and ammonia (NH3) [4,5,9-11].
Throughout these stages, consortia of bacteria systematically
break down the complex and simple organic compounds, fatty
acids, and proteins present in POME, ultimately yielding
methane (CH4) and carbon dioxide (CO) [1,12-14]. The
efficiency of this biogas production is influenced by various
factors including temperature, pH, pressure, chemical
composition, mixing conditions, hydraulic retention time,
nutrient availability, and the presence of inhibitory substances
[1,5,15,16]. These factors collectively determine the activity
and effectiveness of the microbial consortia involved in the
digestion process.

The high BOD and COD concentration of POME waste
and other oils makes them acceptable as raw materials for
anaerobic  digestion-based biogas production [13,14].
Compared to aerobic treatments, anaerobic processes exhibit
slower microbial growth rates and require longer retention
times. Despite this, anaerobic digestion is preferred for its
cost-effectiveness and its capability to transform waste into
valuable biogas [1]. This biogas, predominantly composed of
methane, serves as a versatile fuel, holding significant promise
in electricity generation through gas engines. Specifically, the
anaerobic digestion of POME yields approximately 20 to 28
m® of CHa/m? [1,17]. On average, one cubic meter of POME
can produce 28 m3 of biogas
[1,14]. This volume of biogas can generate about 1.8 kilowatt-
hours (kWh) of energy, translating to a power generation
efficiency of around 25% [1,17]. However, a by-product of
this process under anaerobic conditions is hydrogen sulfide
(H2S). The genesis of H,S primarily occurs due to sulfate-
reducing bacteria that utilize sulfates (SO4>) as electron
acceptors while decomposing organic compounds in the
effluent. This leads to the removal of sulfur-containing
molecules, predominantly proteins, and the exchange of
anions, especially sulfates, under anaerobic conditions
[18,17,20]. Additionally, the biochemical conversion of
inorganic sulfur, particularly sulfates, further contributes to
H,S production [19].

Hydrogen sulfide poses significant environmental
concerns due to its potential conversion into sulfuric acid
(H2S04) and toxic sulfur dioxide (SO,), both of which are

Table 1. POME's general features of the system

Parameters Concentration range
Temperature 80-90 °C
pH 3.4-5.2

Oil and grease 130-180,000 mg/L

10,250-43,750 mg/L

Biochemical oxygen demand
(BOD:3, 3 days incubation,

30°C)

Chemical oxygen demand 15,000-100,000 mg/L
(COD)

Total solid (SS) 11,500-79,000 mg/L

Total suspended solid (TSS)
Total volatile solid (TVS)

5000-54,000 mg/L
9000-72,000 mg/L

Total nitrogen (TN) 180-1400 mg/L
Ammoniacal nitrogen 4-80 mg/L
Colour (ADMI) >500

Pottasium 1281-1928 mg/L
Calcium 276-405 mg/L
Magnesium 254-344 mg/L
Phosphorus 94-131 mg/L
Manganese 2.1-4.4 mg/L
Iron 75-164 mg/L
Zinc 1.2-1.8 mg/L
Copper 0.8-1.6 mg/L
Chromium 0.05-0.43 mg/L
Cobalt 0.04—0.06 mg/L
Cadmium 0.01-0.02 mg/L

detrimental to the environment and human health [21-23]. The
interaction of H,S with enzymes in the bloodstream can
disrupt aerobic energy metabolism, leading to respiratory
paralysis, sudden collapses, and in severe cases, death
[18,24,25]. Additionally, the combustion of fuels with high
H,S concentrations increases sulfur dioxide emissions, a
precursor to acid rain, causing extensive damage to vegetation
and infrastructure. This gas also exhibits high toxicity,
adversely affecting various machinery components, including
pipes, pumps, compressors, fuel storage vessels, and engines.
Moreover, it acts as a poison to liquid fuels and reformers'
catalysts [18,22].

Desulfurization is recommended as an early step in the
biogas upgrading process to mitigate the challenges posed by
hydrogen sulfide. Effective removal of H>S requires careful
consideration of various factors, including the composition,
variability, and volume of the gas to be treated, the
concentration of H,S present, and the desired reduction level
of HoS [16]. The target H»S levels in produced biogas typically
range from 0.02 to 0.05 percent by weight (200 to 500 ppm),
with an H,S-free biogas being the ideal outcome [16].
However, the specific requirements for H,S removal vary
depending on the application, equipment, and vendor
specifications [26-29].
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In this study, we developed a simple water scrubbing
column and desulfurization system aimed at reducing the
concentration of H,S in biogas. The purification process
employed water-scrubbing columns, where biogas was
continuously introduced from the bottom of the column. This
setup included a mixer designed to create a bubbling effect,
enhancing the gas-liquid contact and thereby improving the
efficiency of H»S removal. Additionally, the biogas underwent
further purification using a desulfurization system equipped
with activated carbon and zeolite. These materials are known
for their high adsorption capacities, making them effective in
removing sulfur compounds from the gas stream. The source
of biogas for this study was a biogas power plant operated by
PTPN V Sei Pagar in Riau, which processes biogas produced
from POME. This integrated approach combining water
scrubbing and desulfurization techniques aims to effectively
lower H»S levels, thereby enhancing the quality and safety of
the biogas for various applications.

2. Methodology
2.1 Biogas purification system

The biogas purification system was designed as a
composite of three interconnected units: desulfurization,
biogas conditioning, and water scrubbing. Each unit played a
specific role in the overall purification process.

2.1.1 Desulfurization Unit

This unit employed an electric oxidation process to
convert H»S in the biogas to elemental sulfur. The primary
goal was to selectively remove H,S, thereby preventing its
corrosive impact on downstream equipment. Activated carbon
and zeolite were used as absorbents in this unit, operating

under a pressure of 10 bar and a flow rate of 3 m*hour.
Activated carbon is a specially treated form of carbon with an
extensive pore structure, making it an effective adsorbent for
various applications, including biogas purification. Zeolite is
an alumino-silicate mineral characterized by its molecular-
sized pores, which make it suitable as an adsorbent material
[28].

2.1.2 Biogas Conditioning Unit

Positioned downstream of the desulfurization unit, this
segment focused on optimizing the biogas quality, primarily
by reducing CO; levels, thereby aligning with global warming
mitigation efforts. It consisted of three tubes of varying
capacities (46 L, 76 L, and 96 L) for adjusting the pressure and
flow of the biogas.

2.1.3 Water Scrubber Unit

Integrated with the biogas conditioning unit, the water
scrubber operated within a pressure range of 4-10 bar and a
flow rate of 3 m*hour. It utilized a scrubbing mechanism to
separate biomethane from impurities, particularly focusing on
further H>S removal. The efficiency of H,S removal in this
unit was dependent on the liquid to gas ratio.

2.2 Evaluation of biogas purification performance

A comprehensive schematic diagram illustrates the
arrangement and operational flow of the interconnected units
(Fig. 1). The performance of the purification system was
evaluated using biogas sourced from the PTPN V Sei Pagar
Riau power plant, which processes POME. Gas detection
sensors were employed to measure levels of CH4, CO,, and
H>S before and after the purification process. The results were
analyzed to assess the efficiency of activated carbon and

Biogas in Clean biogas
(a) Gas sensor Zeolite or activated carbon- Gas sensor —
housing based desulfurization unit housing
Biogas in Clean biogas
(b) — Gas sensor — Unit for water scrubber with Gas sensor —
housing different pressure housing

Fig. 1. Schematic of biogas purification system performance; (a) with desulfurization unit; (b) with water scrubber unit.
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zeolite in removing H»S, with a focus on comparing reduction
percentages. Based on these findings, recommendations were
made for an optimized purification setup, which combined
desulfurization using activated carbon with the water
scrubbing technique. The key parameters observed included
methane, carbon dioxide, and hydrogen sulfide content, both
pre- and post-purification.

3. Results and Discussions
3.1 Biogas purification system

Fig. 2 shows the biogas purification system developed by
Research Centre for Energy Conversion and Conservation —
BRIN, Bandung Indonesia. This system including
desulfurization unit, gas conditioning unit, water scrubber
unit, and water torrent.

The procedure for biogas purification in this system is
described in Fig. 1. Fig. 1a presents the sampling process for
evaluating the desulfurization systems. The process initiates
with the assessment of biogas composition using MQ-4 and
MQ-135 sensors housed within a sensor housing unit, coupled
with the Geotech GAS5000 portable gas analyzer for
comprehensive gas analysis. Fig. 1b presents the sampling
process for evaluating the water scrubber systems, which also
coupled with the Geotech GA5000 portable gas analyzer for
comprehensive gas analysis. In Fig. 2, Biogas (indicated by
black arrows) enters the desulfurization chamber (1),
constructed from galvanized steel plate, which contains
adsorbing materials. The flow is generated by suction from a
2 hp air compressor (2) that feeds into a high-pressure vessel
(3), reaching pressures up to 20 bar. A pressure switch is
installed to regulate a solenoid valve, allowing for controlled
admission of biogas into the controller vessel (4) where the
pressure is maintained at 12 bar. This vessel acts as a
temporary biogas storage before the gas enters the water

scrubber (5). The biogas is then introduced into (5) under
variable pressures according to the test requirements. As soon
as the biogas is injected into (5), a high-pressure pump (9)
sprays water from the water storage (10) into (5). The filtered
biogas proceeds into the tube (6) and is subsequently directed
to the storage vessel (7). Meanwhile, water (indicated by
transparent arrows) from the tube (5) flows into the tube (8),
which is then pushed back into the water storage (12). At a
certain level, an intermediary pump (11) propels the water
from storage (12) to storage (10). Any excess biogas entrained
with the water into tube (8) is returned to the compressor's
inlet. Measurements are conducted at points before and after
the desulfurization chamber (1), as well as at the outlet from
the storage chamber (7). Sensors placed at the outlet of the
water scrubber capture the final biogas composition for
comparison against pre-treatment levels. The comprehensive
data from the gas monitoring system, encompassing both pre-
and post-treatment phases, are then analyzed to determine the
overall performance of the purification process.

In this system Activated carbon (AC) is used in
desulfurization system. AC is widely recognized for its
proficiency in adsorbing low concentrations of H,S due to its
superior adsorption properties [29]. It acts not only as an
adsorbent but also as a catalytic substrate, facilitating the
oxidation of H»S into elemental sulfur and sulfate. This dual
function significantly boosts its efficiency in H»S
removal [30]. To achieve optimal performance, it is crucial for
the AC to maintain moisture levels between 20-30% and to
have an adequate supply of oxygen [31]. The findings of
Sawalha et al. [34,35] corroborate the effectiveness of AC in
adsorbing H»S, highlighting its viability as a cost-effective
solution for odor control and gas treatment applications.
Therefore, AC can be considered a suitable option for the
adsorption and removal of H»S, providing a cost-effective
solution for odor control and gas treatment applications [34].

Fig. 2. Biogas purification system developed by Research Center for Energy Conversion and Conservation — BRIN.
(1) desulfurized chamber, (2) air compressor, (3) high pressure vessel, (4) controller vessel, (5) water scrubber tube
(6) water scrubber tube, (7) storage vessel, (8) stripping tube, (9) high pressure pump, (10) water storage,

(11) intermediate pump, (12) reversible storage.
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However, when it comes to CO; reduction, activated
carbon's effectiveness is comparatively lower than that of
water scrubbers. This disparity arises from the lack of
chemical interaction between CO; and activated carbon. CO,
removal via AC is dependent solely on its physical adsorption
capacity, which is governed by the congruence of pore sizes
in AC with the CO, molecule. In contrast, the water scrubber
employs a different mechanism, where the biogas is passed
through water under high pressure, leading to COa's
dissolution and the subsequent formation of bicarbonate ions.
This process significantly enhances CO, removal from the gas
phase. According to the Henry's law constant, which is a
measure of CO's solubility in water, the value is
approximately 1664 atm, considerably lower than methane's
(CH4) Henry's constant of 36.600 atm [35]. This disparity
underscores CO»'s greater solubility in water, making the
water scrubber a more effective method for CO, separation
from biogas. In this study, the water scrubber unit achieved a
CO; reduction of approximately 24.54%.

3.2 Evaluation of biogas purification performance

3.2.1 CO; concentration

Fig. 3 shows that the water scrubber method maintains a
consistent CO, concentration throughout the duration of the
experiment, which indicates a stable and effective removal
process, likely due to the solubility of CO; in water and its
subsequent chemical conversion to bicarbonate ions. The
concentration remains around the 40% mark, suggesting that
the scrubber is efficient at maintaining low CO, levels in the
biogas. The treatment with activated carbon shows a gradual
decrease in CO» concentration over time. This suggests that
while activated carbon has some capacity to adsorb CO», the
process is slower and less efficient compared to the water
scrubber. This could be due to the physical adsorption
mechanisms relying on the pore size and surface interactions,

which are less effective for CO, molecules compared to the
water scrubber's solvation dynamics. Desulfurization with
zeolite demonstrates an initial drop in CO, concentration,
followed by a gradual downward trend. Zeolite's effectiveness
can be attributed to its microporous structure, which allows for
the selective adsorption of molecules based on size exclusion.
However, the result suggests that zeolite is less effective than
both the water scrubber and activated carbon in removing
CO,, possibly due to the non-activated state of the zeolite
used. Activation of zeolites typically enhances their pore
structure, thereby increasing their capacity to trap larger
pollutant molecules. This suggests that the activation process
plays a pivotal role in the adsorption efficacy of zeolites,
particularly for molecules such as CO, [36]. Several studies
have demonstrated the influence of zeolite activation on
increasing CO, adsorption capacity
[20, 39-43]. Notably, [39] achieved remarkable results, with
CO; adsorption reaching 97.5% through dealumination
activation using HCl and NaOH. The adsorbent's
characteristics were enhanced by optimizing particle size and
calcination temperature at a constant flow rate.

Based on data in Fig. 3, approximately 14.88% CO;
reduction was obtained using water scrubber and 9,66%
reduction was obtained using activated carbon desulfurizer.
Combining the desulfurizer and water scrubber together might
increase the CO; reduction to approximately 24,54%.

3.2.2 H,S concentration

Fig. 4 delineates the H,S concentration post-treatment
with activated carbon, zeolite, and a water scrubber in
desulfurization wunits. The marked reduction in H»S
concentration, particularly with activated carbon, is
immediately apparent, with efficiencies surpassing 99%. This
significant removal efficiency can be attributed to the intrinsic
properties of activated carbon, such as its extensive surface

[l ()
L) Ln
1 |

CO2 concentration (%)
b
|

TV Py TV ¥y ¥y yrv¥yy

. '{:}.
o
20 e —#— Waterscrbber
-2+ Desulfurization with activated carbon
— ¥ — Desulfurization with zeolite
15 T T T T
0 5 10 15 20 25

Times (minutes)

Fig. 3. CO» concentration after treatment using desulfurization unit with activated carbon, zeolite and water scrubber.
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area and optimal pore structure, which enable robust physical
adsorption coupled with potential catalytic oxidation
processes. The rapid decline in H>S levels observed in the
initial phase of treatment with activated carbon shows its
strong adsorptive affinity for sulfur species. This is likely
facilitated by microporous regions within the carbon that are
particularly conducive to capturing small H,S molecules,
hence the immediate and pronounced concentration drop.

Zeolite exhibits a more gradual decrease in H»S
concentration. This can be linked to zeolite's unique
framework, composed of a regular lattice of pores that
selectively sieve HoS molecules, effectively isolating them
from the biogas stream. The molecular sieve effect of zeolites
is well-documented for their ability to separate gases based on
molecular size exclusion, which is consistent with the trends
observed in the graph. This aligns with existing literature,
which acknowledges zeolite's proficiency in adsorbing HoS
due to its high porosity [36]. The mechanism behind zeolite's
performance lies in its molecular structure, characterized by a
network of pores that selectively adsorb various substances
from gas streams, leveraging differences in molecular
diameters and gas pressures [40]. The significant adsorptive
interaction of zeolites with polar or polarizable molecules such
as HoS stems from their extensive surface area and the
localized electric fields associated with their charged sites
[41]. Adsorption onto zeolites is governed by reversible
processes that may yield different structural conformations
based on the strength of hydrogen bonding between the
hydrogen atoms of the zeolite framework and the sulfur
groups of the H,S molecules [42].

The water scrubber's performance in H»S removal shows
a reduction in H,S levels. The water scrubber's mechanism
relies on the solubility of H,S in water, and its less pronounced
effect suggests that the conditions within the scrubber may not
be as optimized for H,S solubility as they are for CO,. The

differential in H,S removal performance among the three
treatments is indicative of the varying degrees to which these
materials and methods can physically or chemically interact
with H»S. Activated carbon stands out due to its adsorptive
and potentially catalytic properties, zeolite through size-
exclusion effects, and the water scrubber through solubility
dynamics.

3.2.3 CH, concentration

Fig. 5 illustrates CH4 concentration in biogas following
treatment through desulfurization units employing activated
carbon, zeolite, and a water scrubber. The data indicates that
activated carbon is particularly effective in H,S reduction,
achieving a remarkable 98.44% efficiency. This high level of
H,S removal is a testament to the excellent adsorptive
properties of activated carbon, which provides a large surface
area for the adsorption of sulfur-containing compounds, as
supported by existing literature. Conversely, zeolite's
performance in CO reduction was less significant, but it
showed a notable capacity for H»S removal. This is consistent
with its microporous structure, which operates as a molecular
sieve capable of preferentially adsorbing and thus isolating
sulfur compounds. The superior H,S adsorption by zeolite is
in line with prior studies that have highlighted its unique
structural properties, particularly its ability to selectively
adsorb sulfur species due to the size and shape of its pores.

Moreover, the CHs concentration trends depicted in the
graph provide insights into the selective separation
capabilities of the different adsorbents. While the
concentration of CHj4 slightly decreases in the presence of
activated carbon and zeolite, likely due to their adsorption of
other components from the biogas, the water scrubber
maintains a relatively stable CH4 concentration. This stability
suggests that the water scrubber is less selective in the

2500
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Fig. 4. H>S concentration after treatment using desulfurization unit with activated carbon, zeolite and water scrubber.
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compounds it removes, primarily targeting CO, over CHa,
thus preserving the calorific value of the biogas.

3.2.4 Greenhouse gas emission reduction

The conversion of POME to biogas inherently contributes
to greenhouse gas emission reduction by capturing methane,
which would otherwise be naturally released if POME were
left untreated. The potential CH4 emission from POME is
about 42.4 m* CHs/ton POME, equivalent to 0.779 metric tons
of CO; in terms of Global Warming Potential (GWP) over 100
years [39]. In our study, the CH4 content in biogas from
POME was 59.1%, and the CO, content was 38.3%. The
reduction in CO, content from purification using the
combination of desulfurizer and water scrubber was 24.54%
[40], which could lead to a potential decrease in greenhouse
gas emissions from CO; purification in POME-based biogas
to about 0.0121 metric tons CO»/ton POME [41]. Combining
CHy capture through biogas production from POME and CO;
purification using a hybrid system with a water scrubber has
the potential to reduce the GWP by approximately 0.791
metric tons of CO»/ton POME.

3.3 Optimization Recommendation

The findings from this research propose an optimized
strategy for biogas purification. The recommendation is the
incorporation of a desulfurization unit with activated carbon,
followed by biogas conditioning unit, and finally water
scrubber, to achieve maximal removal of H,S and CO;. The
combination of a desulfurizer and water scrubber is still
advantageous, as it does not significantly increase investment
costs. This is because, to increase the methane content in
biogas to biomethane levels (CHs content > 91%), a CO,
removal unit is inevitably required in the biogas purification
system. Given the high CO; content in biogas (ranging from
15% to 60%) [6], a CO, removal unit is essential for producing
biomethane. The increase in investment costs may stem from
the desulfurization unit, although these costs are likely not too

high compared to the water scrubber. Activated carbon, used
as an adsorbent, can be reused through regeneration processes,
thus not significantly increasing operational costs. The
combination of a desulfurization unit and water scrubber,
equipped with gas conditioning, could potentially enhance the
value of biogas produced from anaerobic digestion. Detailed
design parameters and further economic feasibility studies are
needed, paving the way for large-scale biogas purification
equipment design in future research.

Given previous research highlighting zeolite's capacity
for CO, and possibly H,S adsorption, further exploration of
zeolite as an adsorbent with activation processes could be an
alternative to using activated carbon in the desulfurization
unit. This could also serve as an initial treatment to reduce CO,
levels before entering the water scrubber, potentially yielding
higher CH4 content in biogas. Future studies should also focus
on the mass of adsorbent used, variations in biogas flow rate,
and adsorption kinetics to determine adsorption capacity and
necessary breakthrough curves for designing Dbiogas
desulfurization equipment. For the water scrubber, it is
essential to confirm the solubility and diffusivity values of
CO; in water from literature with experimental data at various
biogas flow rates is crucial for scaling up the water scrubber
unit [43]. This approach will produce design data applicable
to large-scale installations, aiding in overcoming scalability
and applicability challenges. For large-scale installations,
alongside design variables, an economic analysis is necessary
to ensure the sustainability of the application in biogas plants
using POME as feedstock.

The current utilization of biogas is limited due to
challenges in storage and transportation. Cryogenic processes
for biogas liquefaction require high pressures and extremely
low temperatures, leading to substantial costs [6]. High-
pressure biogas packaging is also hindered by high impurity
levels, particularly CO,, necessitating additional storage
space. Pipeline distribution requires high methane purity.
Nowadays, there's an increasing focus on purifying biogas into
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Fig. 5. CH4 concentration after treatment using desulfurization unit with activated carbon, zeolite and water scrubber.
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biomethane with a CHs4 content above 91%, making it
marketable. Purifying biogas to achieve high methane levels
ensures the sustainable application of biogas technology for
organic waste treatment, renewable energy generation, and
diverse applications.

4. Conclusion

In conclusion, this study investigated the efficacy of an
integrated biogas purification system, comprising a
desulfurization unit, a biogas conditioning unit, and a water
scrubber, for treating biogas derived from Palm Oil Mill
Effluent (POME). The study concludes that employing a
sequential integration of an activated carbon-based
desulfurization unit, followed by biogas conditioning and
culminating with a water scrubber, constitutes an optimal
purification strategy. This configuration achieved a significant
CO; reduction of 24,54% and an H,S concentration decrease
of over 90%. To prevent the corrosion of equipment and to
ensure the maintenance of optimal gas pressures, a hybrid
system is advocated. This system positions the desulfurization
unit upstream to protect downstream components, with the
water scrubber situated downstream to maximize CO;
extraction. Implementing this comprehensive purification
approach will enhance the overall quality of biogas, rendering
it more suitable for a myriad of applications.
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