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Abstract. Biogas impurities CO; and H,S decrease the quality of biogas, which leads to a reduced
caloric value and corrosive behavior, respectively. A vertical/columnar wet scrubber has been
widely employed for biogas purification in which the absorption of impurities strongly depends on
the contact time and surface area between the biogas and water. The drawback of this method lies
in the stability of CH4production due to the influence of the bioreactor conditions and the fluctuating
condition of the surrounding environment. In this work, we present a novel design of simple water
absorption columns embedded with an ultrasonic nebulizer for biogas purification. In this designed
system, CO; and HS become dissolved in the water, as the CH4 characterized by water low solubility
is released on the surface of the water by using an ultrasonic diffuser/nebulizer. We optimized the
water absorption performance by varying the water pH in the range 6.0-7.3. The results indicate
that water pH affects biogas purification in the designed system. The optimum pH condition was
6.78, which yielded CH4 enrichment of 11%, O increase of 29%, CO, reduction of 32%, and H>S
reduction of 99.8%. To evaluate the biogas purification process in the upscaled system, a model and
SIMULINK-based simulation were developed to predict the biogas purification process.
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1. Introduction

Biogas is a renewable energy source generated from anaerobic processes of organic
substrates, such as animal, plant, or household organic waste (Petersson, 2014; Ghatak and
Mahanta, 2017). Typically, biogas contains methane (CH4), carbon dioxide (CO2), and
hydrogen sulfide (H2S) (Arutyunov et al., 2020). CH4 can be used as an energy source for
electricity generation, vehicle fuel, or as a raw material in the industry ( Wahyuono et al,,
2015; Chen et al., 2017). However, the other gases contained in biogas are considered
impurities. For example, CO2 which causes ozone depletion and lowers the heating value of
biogas, and H:S is so strongly corrosive and can damage industrial equipment that uses
biogas. Therefore, the recent development of biogas technology not only focuses on biogas
production but also on the biogas purification process, particularly the removal of CO; and
H>S (Baena-Moreno et al., 2019).

There exist various biogas purification methods including physical and chemical
absorption, adsorption, gas permeation through the membrane, and cryogenic methods
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(Horikawa et al., 2004; Abatzoglou and Boivin, 2009; Ofori-Boateng and Kwafie, 2009;
Songolzadeh et al., 2014; Belaissaoui et al., 2016; Kusrini et al., 2016; Maile et al., 2017;). Of
these, the spray-type wet scrubber is widely utilized in the industry for biogas purification,
as the process is relatively simple with strong adaptability. The spraying water scrubber
passes the biogas in the vertical vessel, and the water is sprayed from the top of the vessel
(Wang et al,, 2020). In the spray-type wet scrubber method, the effectiveness of impurities
absorption is controlled by the dimension of the wet scrubber, as the absorption is a
function of the contact surface area and contact duration (Tahir et al,, 2015; Sarono et al,,
2016; Kapoor et al., 2017; Noorain et al., 2019). This in turn leads to the high cost of
construction and operation of the spray-type wet scrubber. Moreover, the spray-type wet
scrubber is known to be merely effective for absorbing CO2, H2S or other impurities in
biogas but unable to stabilize or maintain the CH4 concentration in biogas (Islamiyah et al.,
2015). Therefore, CHs4 gas accumulation process will not occur in the spray-type wet
scrubber method as the purified biogas will pass directly through the biogas outlet to be
used as an energy source (Wang et al., 2020). It should also be noted that CH4 concentration
in biogas varies as the operational condition of the anaerobic bioreactor is altered.
Practically, CH4 concentration must be kept to a minimum value (~ 65%) so that the energy
source is sufficient to meet the minimum load (Shah et al., 2016).

In this work, we propose a new system of purification that dissolves biogas into a water
absorption system that consists of two absorption columns, the so-called dipping-
nebulizing water absorption system. This proposed system addresses the abovementioned
drawbacks of vertical spray type water scrubber. The purification process in the proposed
system mainly combines a dissolution technique by dipping the biogas outlet into water
and a nebulizing technique to pull off the dissolved CH4 to the water surface, with its
subsequent release in the head space of the main water absorption column. The proposed
dipping-nebulizing water absorption system has been proven to work with relatively high
purification efficiency. Furthermore, this proposed system does not require many
mechanical components; hence, the operational cost of the upscaled system should not be
amajor concern. Additionally, a SIMULINK simulation based on the mathematical model for
biogas purification was performed to offer insights into the proposed process in an
upscaled dimension.

2. Methods

2.1. The Dipping-Nebulizing Water Absorption Columns
The prototype of the biogas purification system developed in this work was
constructed by assembling two water absorption columns equipped with an ultrasonic
pump (Figure 1). The dimension of the water absorption column was calculated based on
the volume of water used as a medium for absorbing impurities in biogas. The volume of
water was determined considering the flow rate of biogas entering the first column, which
follows the law of molecular diffusion below:
adm dc (1)
ot ox

where m is the mass of biogas (kg), D is the diffusion coefficient of biogas in certain medium
(m?-s'1), and c is the concentration of biogas (M).
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Figure 1 (a) Design of the novel dipping-nebulizing water absorption columns for the biogas
purification; and (b) the resultant prototype for the biogas purification test

The working principle of the proposed water absorption-based purification system
could be described as follows: The biogas is streamed through the first water absorption
column in which the hose ends inside the water and, hence, all gases should be dissolved in
water. Depending on the solubility, the gas will either be dissolved and react with water
molecules (particularly for CO2 and H:S) or diffuse toward the water surface and be
released to the head space of the first water absorption column. Of note is the ultrasonic
diffuser pump employed and placed at the bottom of the first water column to nebulize the
CH4 as well as create a water mist within the head space. This mixture of CH4 and vaporized
water molecules is barely soluble in water. The accumulated CH4 and H20 molecules in the
head space of the first water absorption column are then transferred to the second water
absorption column through a hose with an end dipped into the second water absorption
column. The released CH4 from the second water column is considered an output of the
system—the purified biogas.

2.2. Biogas Purification Test

To test the biogas purification, an experiment was carried out directly at the bioethanol
plant in East Java, where an anaerobic bioreactor was installed. The experiment was
intentionally done in the rainy season when the physicochemical condition of the anaerobic
bioreactor was less stable due to the fluctuating ambient condition, and hence the biogas
quality (CH4 concentration) was relatively low. Assessment of the designed dipping-
nebulizing water absorption system was undertaken by characterizing the gas content in
biogas before and after purification in the batch experiments for 10 days. The analysis of
biogas composition resulted in four main gas constituents: CHs4, O2, CO2, and H;S. The water
source for dissolving the biogas was varied in this purification test to obtain the optimum
water condition to purify the biogas from impurities. In particular, various water pH levels
were exploited using the commercially available water of pH 6.06, 6.78, and 6.90 and the
well water (pH 7.28) in the experimental site.
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2.3. Modeling and Simulation of Biogas Purification in Upscaled Systems
To evaluate the proposed biogas purification system upon upscaling, the process was
modeled and solved. As indicated earlier, biogas contains several types of gas constituents
(see Table 1) at different concentrations (moles, n). Each mole of the gas constituent
contributes a partial pressure, which is proportional to the percentage of the gas, as stated
in Charles Boyle's Law below:
PV = ST (2)

where P is the partial pressure of gas (Pa), Vis the volume of gas (L), £ is a constant, and T is
the temperature of gas (K).

Table 1 Biogas content (Recebli et al., 2015)

Total volumetric

Type of gas concentration (%)
Methane (CH4) 65.7
Carbon dioxide (CO2) 27
Nitrogen (Nz) 2.3
Oxygen (02) 1
Propane (C3Hs) 0.7
Hydrogen Sulfide (H2S) Not measurable

Table 2 The effect of impurities gas on biogas (Abdurrakhman et al., 2018)

Component Total (%)  Effect

Reduces the combustion heat value
CO2 25-50 Causes corrosion if the gas is sufficiently wet
Increases knocking on the engine
Causes corrosion in equipment and piping systems
H2S 0-05 Causes SOz emissions
Damages the catalyst

It should also be noted that not all constituents are useful in terms of energy. As listed
in Table 1, the gas constituents that are mostly found in biogas are CHs, CO2, and H2S. CH4 is
used as an energy source, whereas COz and H»S are impurities in biogas (Macgregor and
Mather, 1991). Evaluating the process in the upscaled system requires a proper
physical/mathematical model that represent the whole process. The dissolution process
was modelled using the law of gas balance: the impurities in biogas have a partial gas
pressure that is proportional to its composition so that gas with a certain temperature and
volume will have a certain pressure following the Dalton's law. The partial pressure of gas
allows the gas to dissolve into the water medium following Henry's Law (kinematics of
transfer of gas into water) (Fu et al., 1996). The impurities in biogas in this work were
limited to CO2 and HzS. The proposed method of dissolving biogas in water was expected to
be more effective in absorbing the impurities as compared to the spray-type wet scrubber
method that requires a pump to drain and spray water from the top of the vertical vessel.
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Figure 2 (a, b) The solubility profile of each biogas constituent in water and (c) a model developed
using SIMULINK representing the biogas purification using water absorption. The blue part is the
constant input, including R (gas constant), P (pressure), and T (temperature). The sub-system
within the red block is the input of the subsystem (2), moute: of biogas. The sub-system within the
orange block is the conversion of moute: to volume. The sub-system within the green block is the
summation of gas constituents, COz, H>S, CH4, and O;. The sub-system within the yellow block
calculates the percentage of each gas constituent after purification.

Considering the different solubility of gas constituents in biogas (Figure 2a and Figure
2b), the system was modeled using SIMULINK, as depicted in Figure 2c. The solubility of
CO2in water served as a buffer system of carbon dioxide bicarbonate (H2CO3) found in most
waters in nature. CO2 could diffuse into the water through the absorption system, where the
solubility of CO2 in water could be described as follows (Macgregor and Mather, 1991):

k
CO, + H,0 & Hy0% + HCO4~ 3)

The solubility of HzS in water based on the equilibrium reaction has been found to depend
on the pH of the medium. Lower solution pH shifts the equilibrium toward the formation of
H>S and consequently decreases the solubility of HzS in the solution (Macgregor and
Mather, 1991):

k
H,S + Hy0 < Hy0" + HS" (4)

3. Results and Discussion

The biogas purification results using various water sources in the proposed dipping-
nebulizing water absorption system are summarized in Figure 3 and Figure 4. In general,
the pH of water plays a role in determining purification efficiency. The output of gas
constituents with low solubility in water, including CH4 and O, is also affected by pH. Thus,
increasing pH results in an increase in the solubility of CH4 and O (Latif et al., 2014; Gross
and Cravotta II[, 2016). In this observation, at a higher pH (7.28), the concentration of CH4
and Oz in purified biogas was lower than that of the initial state of the biogas. This indicates
that at higher pH, the solubility of other constituents, such as CO; and H>S also increases.
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Hence, the concentration of CHs and O in the outlet of the system was balanced by the
concentration of COz and HzS that escaped from the dipping water. Furthermore, with the
well water of pH 7.28, the O; concentration was close to the concentration of CO2 due to the
metabolism of other living organisms in the solvent medium (Revsbech et al., 2019).
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Figure 3 (a) CHsand (b) O2 concentration before and after purification using the dipping-nebulizing
water absorption system at different water pH levels
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Figure 4 (a) CO; and (b) HzS concentration before and after purification using the dipping-
nebulizing water absorption system at different water pH levels

Figure 4 depicts the concentration of outlet COz and H2S upon biogas purification. As
the solubilities of CO2 and H2S became much higher than those of CH4 and Oz (see Figure 2a
and Figure 2b), the absorption of these gas impurities in water became more efficient. It is
known that increasing the pH of the solvent medium also increases the solubility of both
CO2 and HzS (Lin, 2004). Therefore, it is plausible that the trend of CO: and H:S
concentration is the inverse of the trend of CH4 and Oz with increasing water pH. Overall, it
should be noted that the CH4 content upon purification remained the same. However, the
volume fraction of CHs increased as the fraction of COz and HzS is partially absorbed by the
water.



Soehartanto et al. 191

(C-C)C, (%)

A=

6.06 6.78 6.90 7.28

Figure 5 Concentration change (C+C;) of each biogas component, including CHs, 02, CO2, and H-S,
relative to the initial concentration (C;) concentration before purification using the dipping-

nebulizing water absorption system at different water pH levels. CH4 and CO; value are 5x-amplified
for visibility in the figure.
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Figure 6 Simulation results of biogas purification with varying (a) mass flow rate (T=32°C, volume
=1L) and (b) volume of water (T=32°C, mass flow rate = 4 kg-h™). The volumetric concentration of
gas constituents at the inlet is kept constant: CO2 (29%), HzS (1%), Oz (6%), and CH4 (64%).

To extract meaningful information from the biogas purification test, a bar chart of A vs
pH is presented in Figure 5. A is a % change of concentration of each gas constituent relative to
its corresponding initial concentration. At optimum purification conditions, highly positive A
amplitude is expected for CHs, whereas a highly negative A amplitude is favorable for CO2 and
H>S. Itis clear from the data presented below that the highest positive A for CH4 enrichment
was obtained at pH 6.78. Water solvent at pH 6.78 enabled purification of biogas to reach a
minimum percentage of CH4 concentration (> 65%), which is required to efficiently drive
the load. This result is in agreement with the literature (Latif et al., 2014 ) that reports that
CH4 production is maximum using a medium at pH 6.85. Consistently, the highest negative
A for COz and H;S reduction was observed for biogas purification using water with pH 6.78.
Thus, it can be deduced that the optimum operating condition of the novel dipping-
nebulizing water absorption system can be achieved by using a water source with pH of
~6.8. Nonetheless, it is worth noting that the increment of pH investigated in this study is
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too sparse in the range 6.0-6.9. Therefore, future optimization by titrating the water
medium such that a finer pH increment is employed will be evaluated to assess the potential
for a more precise optimized pH.

Having assessed the performance of our proposed system, biogas purification in an
upscaled dipping-nebulizing water absorption system was evaluated using a model created
using SIMULINK. The performance of the biogas purification system under varying
conditions of mass flow rates and water volumes is shown in Figure 6. The biogas input was
set identical with the following composition: CHs (64%), 02 (6%), COz (29%), and HaS (1%).
Figure 6a depicts the biogas contents after purification with increasing mass flow rate. We
found that increasing the mass flow rate from 4 to 6 kg/h had a tendency to prominently
increase CO2 concentration, with only a minor decrease in CHs concentration. Therefore,
further assessment of the modeled system was based on the 4 kg/h mass flow rate.
Increasing the volume of water from 1 to 1.75 L yielded an increasing CH4 concentration
and significantly suppressed CO: content. Hence, the best result under the defined
operating condition can be achieved when the upscaled system operates at 4 kg/h mass
flow rate and the volume is set at 1.75 L.

4. Conclusions

A miniaturized dipping-nebulizing water absorption system for biogas purification has
been successfully developed, especially for COz and H2S reduction. The ultrasonic nebulizer
was embedded in one of the bioreactor’s water absorption columns to extract CHs4 out from
the first water volume for purification. The biogas purification was found to be water-pH
dependent, and an optimum pH condition was observed. Of the investigated pH levels, the
highest purification of biogas was achieved by using water with a pH of 6.78. At the
optimum pH condition, the concentration of CHs and O increased by 11 and 29%,
respectively, whereas CO2 and H;S was efficiently suppressed by as much as 32 and 99.8%,
respectively. To upscale the system, better operational conditions were simulated using a
model. Further research will focus on the optimization of water pH to yield higher CH4.
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