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1.1 Background 

Today, biogas technology is widely accepted as an alternative way to produce of energy that 

is clean and renewable (Yadvika et al., 2004; Tabatabaei et al., 2015). The increasing 

concerns about the impact of fossil fuel and the reduction of energy resources along with the 

fluctuation of crude oil price have made the biogas technology become more attractive 

(Farahnak et al., 2015; Hamzehkolaei et al., 2017). According to Scarlat et al. (2018), the 

utilization of biogas not only provides opportunities for energy production such as electricity, 

heat and fuel but also provides economic, environmental and climate benefits. Furthermore, 

the biogas production process through anaerobic digestion of organic waste such as 

municipal, agricultural, manure and sewage in bio-digester seems really promising in 

attaining a sustainable waste management (Qiang et al., 2012; Jedhe and Chendake, 2016; 

Goswami et al., 2016).  

The biogas is usually composed of methane (CH4; 50 – 70%), carbon dioxide (CO2; 

25 – 45%), water (H2O; 2 – 7%), nitrogen (N2; 2 – 5%), oxygen (O2; 0 – 2%), hydrogen (H2; 

≤1%), ammonia (NH3; 0 – 1%) and hydrogen sulphide (H2S; 0 – 6000 ppm) (Akbulut, 2012). 

The composition of the biogas and its quality are varies significantly between different 

substrates depend on its chemical composition (Kougias and Angelidaki, 2018). Rasi et al. 

(2011), reported that the existence of trace compounds had limit the application of the biogas 

energy due to some negative effects on equipment used for biogas utilization such as 

corrosion, formation of abrasive of metal surface and deterioration of engine parts. Till now 

most of the energy produced from the biogas system is used for heat and electricity 

generation (Börjesson and Mattiasson, 2008; Bekkering et al., 2010; Angelidaki et al., 2018). 

The use of biogas as vehicle fuel or grid injection is only possible if the quality of the biogas 

is similar or more close to that of natural gas (Börjesson and Mattiasson, 2008; Rasi et al., 

2011). That requirement had become one of the significant barriers to the deployment of 

biogas-based vehicle fuels in worldwide. All contaminants especially CO2, H2S and moisture 

are necessary to be removed or reduced as maximum as possible from the raw biogas for a 

wider variety of biogas uses. 

Purification of raw biogas is usually performed to upgrade the biogas up to natural gas 

quality standard with CH4 content of more than 90% (Ryckebosch et al., 2011). The 

purification process produced biomethane which not only has similar properties as the natural 

gas but also provides environmental benefit through the reduction of greenhouse gas emission 

of 2.596 tonCO2 on a yearly basis (Koornneef et al., 2013). Currently, various of biogas 

upgrading technologies are available in market which is technically tested for their robustness 
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and economic values. That includes cryogenic separation, membrane-based gas permeation, 

pressurized water scrubbing, amine scrubbing, physical and chemical separation and pressure 

swing adsorption (Niesner et al., 2013; Woon et al., 2016). Amongst all, the most common 

biogas upgrading technology applied is pressurized water scrubbing and pressure swing 

adsorption (Margareta et al., 2006). Nevertheless, according to Capodaglio et al. (2016), the 

overall use of biogas technology in practice is still not high and the utilization of the 

upgrading technology is generally dominated by large scale industries. For small scale plant, 

the biogas upgrading technology is not economically viable and only limited number of 

commercial upgrading technology is available. If the problem of high operational cost can be 

solved, it is undoubtedly that the biogas upgrading technology could be adopted widely.   

 A study reported by Rasi et al. (2014), suggest that pressurize water scrubbing is one 

of the simplest and most economical methods compared to membrane separation, pressure 

swing adsorption, chemical absorption and cryogenic separation. Till the moment, variety 

methods of enhancement of water scrubbing technology has been proposed to make the 

scrubbing system more versatile. Anyhow, most of previously studied had focused on the 

optimization of CH4 concentration under high pressure condition due to the fact of water 

scarcity. Although, this considerably reduces the water used, yet distinctly has increased the 

energy and maintenance cost for the water scrubbing operation (Eze and Agbo, 2010). 

Despite that, the scrubbing process also leads to the emission of dissolved gases likes CH4, 

CO2 and H2S with effluents. The released of CH4 and CO2 to the atmosphere will 

subsequently contributed in the increase of global warming, whilst H2S gas give the effect of 

toxic and corrosive (Petersson and Wellinger, 2009). Therefore, there is a need to redesign 

and optimization of the existing water scrubbing process for more affordable and user-

friendly system which can improve the quality of raw biogas and scrubbing effluent without 

harming the environment. 

 

1.2 Objectives 

The general objective of this thesis is to develop a biogas technology for CH4 upgrading and 

its effluent treatment with an economic and environmentally benign approach. For this 

purpose, two different strategies are investigated: 

a. Biogas purification at process level by imposing under atmospheric conditions in 

water scrubber reactor packed with sponge carrier. 

b. End-of-pipe removal of dissolved CH4, CO2 and H2S gas of scrubbing effluent by 

an integrated biological-physical process in single reactor. 



INNOVATIVE WATER SCRUBBER PACKED WITH SPONGE CARRIERS FOR BIOGAS PURIFICATION   
 

7 
 

The main aims of the section of this thesis dealing with process level enhancement of CH4 

content (strategy (a)) are: 

1. to evaluate and describe the performance of a water scrubber packed with sponge 

carriers for biogas purification under atmospheric pressure condition. 

2. to simulate the purification phenomenon and determine the operational conditions 

that yield highly purified gas that satisfying the quality requirements of city gas 

(CH4≥ 90%, CO2< 4%, H2S< 2 ppm) by mathematical model. 

3. to evaluate the performance of biological desulfurization of high hydrogen sulphide 

concentration from biogas. 

The main objectives of the section of this thesis dealing with end-of-pipe removal of 

dissolved gasses (strategy (b)) are: 

1. to evaluate the feasibility of the integration biological and physical stripping 

process while measuring the effect of hydraulic retention time (HRT) and air 

dosage in its performance.  

2. to simulate and determine the optimum performance of biological oxidation and 

physical stripping in removing the CH4 and recovering the effluent pH. 

 

1.3 Thesis outlines 

This thesis is organized as a compilation of research study, which are arranged in seven 

chapters. The description and links of the above objectives to the chapter of this thesis are as 

below; 

Chapter 1 introduces the research background, purpose and outline of the thesis.  

Chapter 2 was divided into two parts. First part discussing on the biogas 

composition, standard, utilization and treatment of methods. Second 

part focuses on the contains and treatment of effluent generated from 

biogas purification process.  

Chapter 3 Elaborated on the development of mathematical model in Microsoft 

Excel, which involves the physical and biological process in treating 

the biogas and its effluent. 

Chapter 4 was devoted to fulfill the first and second objectives of strategy (a) by 

studying the influence of liquid to gas flow ratio, pH, temperature, 

HRT, and initial H2S concentration on the performance of water 
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scrubbing process by experiment and simulation works. 

Chapter 5 was devoted to fulfill the third objective of strategy (a) by studying the 

influence of initial H2S concentration, liquid to gas flow ratio, and 

oxygen to H2S concentration ratio on the performance of biological 

desulfurization of high H2S from biogas. 

Chapter 6 was devoted to fulfill the first and second objectives of strategy (b) by 

utilizing a reactor builds with air supplied at upper and bottom for the 

treatment of biogas purification effluent through biological oxidation 

and physical stripping process. 

Chapter 7 summaries of the main finding obtained and recommendation for 

future study.  
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PART A: BIOGAS PURIFICATION TECHNOLOGIES 

 

2.1 Quality and energy content of biogas 

One of the most promising routes for the production of renewable gaseous fuel is biogas 

(Chandra et al., 2012). Biogas is a type of bioenergy that derived from the biological 

breakdown of biogenic material in the absence of oxygen known as anaerobic digestion 

process (Surendra et al., 2014; Sora and Yoo, 2014). The process releases a gas mixture 

primarily comprises of CH4 and CO2 with other several of trace compounds (Ryckebosh et 

al., 2011; Sun et al., 2015). The quality of the produced gas is determined by the amount of 

CH4 and its impurities concentration level. In the biogas, the most common impurities present 

are H2S, NH3, N2 and water vapor (Jansen, 2010). 

 

Table 2.1: Composition of biogas based on different source  
(Source: Rasi et al., 2007) 
 

Component Units Organic waste Sewage Landfill 
CH4 % (vol) 60-70 55-65 45-55 
CO2 % (vol) 30-40 35-45 30-40 
N2 % (vol) <1 <1 5-15 

H2S ppm 10-2000 10-40 50-300 
 

Generally, the production of CH4 gas is highly depends on the substrate composition, 

fermentation technology and method of collection applied (Sun et al., 2015). Table 2.1 shows 

the composition of biogas from different sources. The high content of CH4 turn biogas into a 

combustible fuel with a deep blue flame while the CO2 gas in addition is noncombustible gas 

(Starr et al., 2012). Also, the presence of the CO2 gas together with the impurities in the 

biogas composition can give a negative effect during biogas utilization stage as described in 

Table 2.2. The primary energy carrier of biogas is CH4 and normally, pure CH4 gas has a 

heat heating value of 38 MJ Nm-3 (Gross et al., 2017). However, the heat heating value of 

raw biogas is in between 19 to 26 MJ Nm-3 or 6 kWh Nm-3 to 6.5 kWh Nm-3, which is 

equivalent to 0.65 liters of crude oil (Deublein and Steinhauser, 2010; Toro et al., 2018). The 

difference in heat heating value of these two is largely due to the noncombustible part of 

biogas (Sohata et al., 2018). On the other hand, for 1 Nm3 of biogas is equivalent to 1 liter of 

diesel and gasoline fuel, respectively (Onofre et al., 2015). However, in relation to natural 

gas, 1.2 liter of petrol or diesel is corresponding to 1 Nm3 of natural gas (Awe et al., 2017). 

Amongst all fossil fuel natural gas is the cleanest fuel that content CH4 within ranges of 75 to 
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98% (Liang et al., 2012; Divyang et al., 2016). Table 2.3 shows the comparison between the 

typical properties of raw biogas with natural gas. 

 

Table 2.2: Typical biogas contaminants effects. 
(Source: Weiland, 2009; Munoz et al., 2015) 
 

Contaminant Typical compound 
composition (%) 

Risk 

Water vapor 5-10%a Corrosion of pipeline gas storage 
tanks, compressor and engine 
technologies, deterioration of 
lubrication oils 

CO2 30-47%a Corrosion of the equipment 
N2 0-3%a NOX flue gas emission 
H2S 0-10 ppma Corrosion of pipelines gas storage 

tanks, compressors and engine 
technologies, SOX flue gas emission 

NH3 0-100 ppma Generation of corrosive products 
during combustion 

O2 0-1%a Explosion hazards 
Siloxanes 0-41 mg m-3a Risk of causing abrasion, overheating 

and malfunctioning in combustion 
engines and valves 

Volatile organic compound 0-4500 mg m-3b Risk for human health threat 
Molds and bacteria - Risk for human health threat, 

equipment damage 
Halogenated hydrocarbons 20-200ppm(V)b Generation of corrosive products 

during combustion 
Heavy metals - Risk for human health threat 
a:for biogas produced from sewage sludge, livestock manure or agricultural biowaste; b:for biogas recovered 
from conventional landfills 
 

Table 2.3: Comparison between typical properties and composition of 
raw biogas with natural gas (Source: Ryckebosh et al. 2011) 

 

Parameter Units Raw biogas Natural gas 
Lower heating value MJ Nm-3 23 39 
CH4 % (mol) 60 – 70 85 – 92 
CO2 % (mol) 30 – 40 0.2 – 1.5 
H2S ppm 0 – 4000 1.1 – 5.9 
O2 % (mol) 0 - 
N2 % (mol) 0.2 0.3 
H2 % (mol) 0 - 
H2O % (mol) 1 – 5 - 
NH3 ppm 100 - 
Heavy hydrocarbon % (mol) 0 9 
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2.2 Biogas utilization and standard requirements  

Biogas can be applied for a variety of end uses which included household and industrial 

purposes. However, the final use of the biogas is determined by its composition and generally 

its uses is not readily suited for all energy application. This is primarily due to its low level of 

heating value and impurities content (Sarker et al., 2018). Figure 2.1 shows the possible use 

of biogas as energy source.    

 
Figure 2.1: Possible uses of biogas as energy (source: Quin and Myns, 1993) 

 

In some of developing countries like China, India and Vietnam the heat energy produced 

from the combustion of biogas can be directly used for application such as cooking, water 

heating and lighting (Okonkwo et al., 2018). Yet, in industrial countries region, high 

tolerance of biogas quality is mostly needed for the combustion of biogas especially for 

engines, boilers, vehicle and fuel cell applications (Sun et al., 2015; Zafar, 2018). Due to that 

the quality of the CH4 content of the biogas is usually been increased or brought nearer to 

specifications like natural gas through upgradation process and the final gas product is call 

biomethane (Kougias et al., 2017; Bauer et al., 2013; Cozma et al., 2012; Mateescu et al., 

2008; Petersson and Wellinger 2009).  Biomethane is more environmentally beneficial than 

either biodiesel or first-generation of bioethanol by emitting less hydrocarbons, nitrogen 

oxide and carbon monoxide (Patterson et al., 2008; Murphy and Power, 2009; Zhao et al., 

2010). 

Patterson et al. (2011) reported that generally there is no quality standard for energy 

fuel derived from biogas. However, national standard and specification of biogas utilization 

for grid injection and vehicle fuel have been developed in several countries as in Table 2.4. 

The standard is intentionally to prevent damage of the equipment from corrosion, fouling and 

harmful environmental emission.  
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Table 2.4: Vehicle and grid injection standard requirements in several countries. 
(Source: Bauer et al., 2013; Munoz et al., 2015; Svensson, 2014; Petersson et al., 2009) 
 

Compound Unit Germany Sweden France California Switzerland 
Wobbe indexupper MJ Nm-3 46.1-56.5 44.7-46.4 48.2-56.5 47.6-51.6 47.9-56.5 
Wobbe indexlower MJ Nm-3 37.8-46.8 43.9-47.3 42.5-46.8  *Unlimited 
CH4 % (vol) - ≥ 97 ≥ 86 - ≥ 96 
CO2 % (vol) ≤ 6 dry ≤ 3 ≥ 2.5a 3 ≤ 4 
H2 % (vol) ≤ 5 ≤ 0.5 ≤ 6 - ≤ 4 
O2 % (vol) ≤ 3 ≤ 1 ≤ 0.01 < 0.2 ≤ 0.5 
CO2 + O2 + N2 - - ≤ 5 - - - 
H2S ppm < 5 < 15.2 ≤ 5 88 ≤ 5 
Total sulfur ppm < 30 < 23 < 30 265 < 30 
Mercaptans ppm ≤ 15 - ≤ 6 106 ≤ 5 
NH3 ppm ≤ 20 ≤ 20 ≤ 3 ≤0.001 

mol % 
≤ 20 

Siloxanes (Si) mg m-3    0.1 or free  
Halogenated 
compounds 

mg m-3 ≤ 1 ≤ 1 ≤ 1b 
< 10c 

≤0.1 ppm ≤ 1 

Water dew point ˚C Ground 
Temp 

≤ -5d 
≤-9 at 
200 bar 

≤ -5 
at Pmax 

 -8 
at Pmax 

a: France allows flexibility in O2 and CO2 under certain conditions;b: Chlorine compounds;c: Fluorine compounds;d: 
Ambient temperature;*: Switzerland allowed unlimited gas injection. 

 

2.3 Purification technologies 

Energy content of biogas is in direct proportion with CH4 concentration, therefore apart from 

CH4, all the other gasses contained in biogas are categorized as undesirable and is identified 

as biogas contaminant (Angelidaki et al., 2018). Removal of those contaminants are 

important in order to have a high quality of energy in a more productive and economic way. 

In addition, according to Appels et al. (2008), biogas is upgraded to reach a sufficient gas 

appliances quality especially for engines, boilers, fuel cells and vehicle purposes, to increase 

the heating value of the raw biogas and finally to standardize the biogas quality.  

Various biogas upgrading technologies has been developed mainly based on the 

factors which related to the nature of its operation such as (Awe et al., 2017); 

i. physical, chemical and biological,  

ii. their efficiency and operational conditions, 

iii. investment and maintenance costs  

It should be note that there are two different type of biogas purification treatments applied in 

removing the biogas contaminants or pollutants. The first treatment is targeting at removing 



INNOVATIVE WATER SCRUBBER PACKED WITH SPONGE CARRIERS FOR BIOGAS PURIFICATION   
 

16 
 

of harmful and toxic compounds particularly H2S gas. Next treatment method is aims to 

intensify the low heat heating value of the biogas either by removing or converting the CO2 

gas (Kougias et al., 2017). Ali et al. (2013), has suggested that selection of right purification 

technology is very important in order to prevent from any damaging consequences which 

may result with higher total cost or even ruin the system. Commonly, the selections of 

purification technologies should depend on scale, actual specification and individual 

requirement of biogas facilities (Hjuler and Aryal, 2017).  

 

Table 2.5: Comparison of different physical and chemical technologies for biogas purification. 
(Source: Angelidaki et al., 2018) 
 

Items Cryogenic PSA Water 
scrubbing 

Chemical 
absorption 

Membrane 
separation 

Consumption for raw 
biogas (kWh m-3) 

0.76 0.23-0.3 0.25-0.3 0.05-0.15 0.18-0.2 

Consumption for clean 
biogas (kWh m-3) 

- 0.29-1 0.3-0.9 0.05-0.25 0.14-0.26 

Heat consumption  
(kWh m-3) 

- None None 0.5-0.75 None 

Head demand (˚C) -196 - - 100-180 - 
Cost High Medium Medium High High 
CH4 losses (%) 2 <4 <2 <0.1 <0.6 
CH4 recovery (%) 97-98 96-98 96-98 96-99 96-98 
Pre-purification Yes Yes Recommended Yes Recommended 
H2S co-removal Yes Possible Yes Contaminant Possible 
N2 & O2 co-removal Yes Possible No No Partial 
Operation pressure 
(bar) 

80 3-10 4-10 Atmospheric 5-8 

Pressure at outlet (bar) 8-10 4-5 7-10 4-5 4-6 
 

The following are six different types of biogas upgrade technologies which currently 

have a high market value; 

i. Water scrubbing and/or physical absorption 

ii. Pressure swing adsorption  

iii. Chemical absorption 

iv. Membrane separation 

v. Biological 

vi. Cryogenic technology 
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Table 2.5 and 2.6 compares the performance of the upgrade technologies. Notice that among 

the technologies water scrubbing was found to be one of the simplest and most economical 

method that provides simultaneous removal of CO2 and H2S gas. Some technologies such as 

biological and cryogenic technology are categorized underdeveloped and most available 

information about it are based on laboratory scale or pilot test (Sun et al., 2015). 

Comprehensive review corresponding to the performance of water scrubbing technology is 

provided in the next subtopic.  

 

Table 2.6: Advantages and disadvantages of biogas purification technologies  
(Source: Andriani et al., 2014) 
 

Technology Advantages Disadvantages 
Water 
scrubbing 

 Simple process, remove both CO2 
and H2S using water as a solvent 

 More than 97% CH4 upgradation  
 Low CH4 loss (<2%) from the 

system 

 Highly energy intensive system to 
press gas and to pump water 

 Slow process due to physical 
solubility of water 

 Corrosion problem due to H2S 
 Clogging problem due to bacterial 

growth 
 Small amount of O2 left 

Chemical 
absorption 

 High CH4 purities (>95%) and 
low CH4 loss (<0.1%) 

 Faster process compared to water 
scrubber 

 Chemical solvent is easier to 
regenerated 

 Energy intensive because steam 
has to be supplied to regenerate the 
chemicals 

 Corrosion problem due to H2S 
 Further chemical waste treatment is 

necessary 
Pressure 
swing 
adsorption 

 Capital cost share moderate 
 Relatively quicker start up and 

installation 
 High CH4 purities (95-98%) 

 Higher capital cost (affected by 
number of column) 

 Incomplete scrubbing (other 
treatment are needed) 

 High CH4 loss might be possible 
due to malfunctioning of valves 

Membrane 
separation 

 Fast installation and startup 
 Flexible production output 
 Purity and flowrate can vary 
 Low energy required 
 High CH4 purities (>96%) 
 Low CH4 loss 

 Low membrane selectivity 
 Consume relatively more 

electricity per unit of gas 
production 

 Often yields lower CH4 
concentration though high purity is 
possible 

Biological  Low energy requirements 
 No unwanted end products 
 Enrichment of CH4 (>99%) 
 Low cost process 

 Additional nutrients are required 
for bacterial growth 

 Small amount of O2 and N2 are left 
in treated biogas 
 

Cryogenic  High CH4 purities (90-98%)  Lot of devices are required such as 
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technology  Relative pure CO2 can be 
separated for further utilization 

 Liquid CH4 reduces gas volume, 
thus can be packaged in the tube 
and can be easily disturbed 

 Low CH4 loss 

compressor, heat exchanger and 
cooler 

 High operating and maintenance 
cost 

 

2.3.1 Water scrubbing technology 

Water scrubbing technology is used extensively to treat water soluble inorganic gaseous 

pollutant in a wet scrubber based on absorption principle. For wet scrubbing, packed 

scrubbers are the most commonly used devised (Figure 2.2).  

 

 
Figure 2.2: Packed scrubber tower for gas absorption (Source: Barbour et al., 1995) 

 

In the scrubbing system, the biogas and water are pumped from the bottom and upper of the 

column respectively, and packing materials are install for the gas and water to interact, then 

the unwanted gases are removed by the water (Ryckebosch et al., 2011). A simple expression 

of mass transfer of gas molecules (gas phase) to the scrubbing liquid (liquid phase) is given 

below; 

                     (2.1) 

Where; 

 molar flow rate of carrier gas, mol s-1 

 inlet gas mol ratio of pollutant to unpolluted carrier gas 
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 outlet gas mol ratio of pollutant to unpolluted carrier gas 

 molar flow rate of scrubbing liquid, mol s-1 

 inlet liquid mol ratio of pollutant to unpolluted scrubbing liquid 

 outlet liquid mol ratio of pollutant to unpolluted scrubbing liquid 

 

From Eqn. 2.1 it indicates that the total quantity of pollutant dissolved in scrubbing liquid is 

equivalent to the total quantity of pollutant loss in the gas phase. The important operating 

variables that affect mass transfer efficiency are gas velocity, liquid flow rate, packing size, 

packing height and solubility of the gaseous pollutant. The solubility of the pollutant in the 

liquid is the driving force for the absorption of pollutants between phases and it can be 

predict using Henry’s Law equation as below; 

                    (2.2) 

Where; 

partial pressure of pollutant at equilibrium, atm 

Henry’s law constant, atm L mol-1 

 concentration of the pollutant in a liquid that equilibrium with partial pressure, mol L-1 

The net rate of the pollutant transfer between the liquid and gas phases are expressed using 

the two-film theory as follows; 

                   (2.3) 

Where; 

 rate of gas pollutant transfer, mol L-1 d-1 

overall mass transfer coefficient, h-1 

 dissolved concentration of gas pollutant, mol L-1 

 

 is describing the overall driving force for the liquid phase through an interfacial area of a 

contact in finite section. Table 2.7 shows several of  value recorded from different type 

of packing material. The design of the wet scrubber system usually focus on the estimation of 

two primary performance parameters which are the efficiency of removal and the pressure 

drop. The pressure drop dictates the power requirements and the size of auxiliary equipment 

such as fans and pumps for the system. There are several general types of wet scrubbers as 

shown in Table 2.8, with a summary of their performance and ranges of operation. The 

performance of the absorption process may also be influence by factors such as temperature 

and pressure of the gas stream, construction material of the scrubber, selection of scrubbing 
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liquid, liquid viscosity and liquid-gas ratios (Vendruscolo et al., 2012). Ryckebosch et al. 

(2011) reported that, gas pressure of 1000 to 2000 kPa is usually needed to enhance the 

solubility of gas in scrubbing liquid.  

 

2.3.1.1 Packing materials 

Mass transfer between gas and liquid phases is also enhanced by the installation of a packing 

material or absorber. Packing materials with large wetted surface area can offer greater 

removal efficiency, handle higher rates of liquid, and relatively have lower water 

consumption requirements. However, the presence of packing material may also give some 

negative effects to the system such as high pressure drops, high clogging and fouling 

potential, and comprehensive maintenance (McInnes et al., 1990).  

 

According to Tan et al. (2012), increased in surface area can increased the mass 

transfer performance. Study reported by Uemura et al. (2016), suggested that polyurethane 

foam (PUF) material as a packing carrier offering excellent water distribution and O2 mass 

transfer. Furthermore, PUF have been regarded as the media that, yielding high removal 

efficiencies in the treatment of volatile organic compound and sulfur reduce compound while 

exhibiting low clogging and pressure drop.  Figure 2.3 shows the characteristics and 

structure of PUF material.  

 

 

 

 

 

 

 

 

 

 

 
Figure 2.3: The structure of PUF material and its characteristics 

Source: Uemura et al., 2016 

  

 Insoluble 
 Non-biodegradable 
 In-expensive 
 Highly mechanically 

stable 
 Large void volume 

more than 98% 
 High surface area 
 Reusable 
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Principally, there are two different types of packing materials that are available; 

random packing (Pall ring, Raschig rings, IMTP) and structured packing (Flexipa, Mellapak, 

Gempak, BX). Some examples of available random and structured packings are shown in 

Table 2.9. Every packing material have specific characteristics with regards to surface area, 

weight, corrosion resistance, pressure drop and cost. According to Arachchige and Melaaen 

(2012), the surface area and void fraction are the two main criteria that always become 

preference for the selection of the packing. Table 2.9 is showing the characteristics 

comparison between random and structured packing. The selection of packing material for an 

industrial application however depend on several factor such as the nature of the 

contaminants, geometric mode of contact, size of the absorber, cost, low pressure drops, 

corrosion resistance, large specific area, structural strength, weight, design flexibility and 

arrangement (MacDonald,1977).Generally, most of the packings used are made from 

ceramic, metal or plastic which build with engineered shapes that intended to maximize 

surface-to-volume ratio and minimize pressure drop (Perry and Chilton, 1984). 

 

 

Table 2.9: Comparison of random and structured packing 
(Source: Arachchige and Melaaen, 2012; Udara and Morteen, 2012) 
 

Random Structured 
 Flow channels do not have a fixed 

shape. 
 It can have a nominal size from ½” to 

4” and is normally dumped randomly 
into a column. 

 Made of ceramic, metal or plastic. 
 Easy transport and storage. 
 Cheaper than structured packing. 

 
 
 

 It is manufactured in modular form to 
permit stacking in an ordered array. 

 The height of each module cab be 
varied from 6 to 12 inches. 

 Having higher surface area than 
random packing 

 Provides better performance and are 
costly. 

 Transportation is difficult without 
damaging the shape. 
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2.3.1.2 Energy demand  

An energy requirement for biogas upgrading is one of the key factors in assessing their 

performance and for attaining the sustainability of biogas. In the water scrubbing process the 

energy requirement depends on plant configurations and plants operating parameter such as 

temperature and pressure (Budzianowski et al., 2017). For an efficient contaminants’ 

removal, pressure around 9 to 12bar is used to pressurize the water and accelerate the mass 

transfer between gas-liquid phases. Cozma et al. (2013) reported that the equipment for 

biogas compression and the circulation pump for water processing are the main energy 

consumer in water scrubbing system. Approximately about 0.11kWh/Nm3 of energy is 

required for compression of upgraded biogas (Patterson et al., 2011; Budzianowski et al., 

2017). Through compression, gas with higher energy density is produced, thus enable the 

upgraded biogas to be applied for transportation or gas grid injection. In water scrubbing 

system, the minimum works of compression are roughly proportional to the temperature. Low 

compression energy is applied under low operating temperature. Therefore, the energy and 

performance of water scrubbing technology are superior in moderate and colder climates 

(Budzianowski et al., 2017). Table 2.10 presents the data of energy demand from several 

biogas upgrading technologies.  

 

Table 2.10: Energy demand of biogas upgrading technologies 
(Source: Persson et al., 2007; Benjaminsson et al., 2006) 
 

Technology Energy demand 
(kWh/Nm3 of upgraded biogas) 

PSA 0.5-0.6 
Water scrubbing 0.3 
Chemical amine scrubbing 0.15 
Membrane separation  0.27 
Cryogenic 0.42 

 

Generally, a total energy demand of 171.5kWh is required for the production of 

309.36Nm3/h of upgraded biogas by water scrubbing technology (Cozma et al., 2013). To be 

specific, the energy requirement for upgraded biogas or biomethane production from biogas 

is about 0.32kWh/Nm3 raw biogas and the energy amounts are become increased with the 

installation of flash tank and water regeneration in water scrubbing system. However, the 

benefit from using the flash tank is limited CH4 slip captured from the stripper into stripping 

air (Budzianowski et al., 2017). Taking this into consideration, energy reduction is seeming 

feasible in plants without flash and water regeneration.  
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2.3.1.3 Economic consideration 

The most important factor for economic consideration is the total plant cost that included the 

investment, operating and maintenance cost. All of these costs are largely depend on the scale 

of the upgrading plant (Petersson and Wellinger, 2009). Urban (2009) found that the 

economics for larger plants had much lower specific costs compared to the small biogas 

upgrading plants. According to Rehnlund and Rahm (2007) for large scale plants (200-

300Nm3/h) the upgrading costs are around 0.01-0.16€kW/h and small plants (<100Nm3/h) 

upgrading costs are 0.03-0.04€kW/h. The larger plants are favor for higher quality gas, lower 

CH4 losses, higher plant efficiency and higher profitability. The economic comparison 

between different method of upgrading technologies are shown in Table 2.11. Among all the 

upgrading technologies water scrubbing offered the cheapest compared to the others. Persson 

(2003) also reported that lower of investment cost is the primary reason for industries to 

choose water scrubbing as their biogas treatment method. However, the implementation of 

water scrubbing technology for small scale is very limited. This is due to the cost for quality 

and quantity control together with gas transportation that makes it too expensive for small 

scale application. The water scrubbing technology can be made economically viable for small 

scale by reducing the electricity and water cost.   

 

Table 2.11: Economics estimation of several biogas upgrading technologies 
(Source: Hullu et al., 2008) 
 

Technology Investment 
cost  

(€/yr) 

Maintenance cost  
(€/yr) 

Cost per Nm3/biogas 
upgraded 

(€) 
PSA 680,000 187,250 0.25 
Water scrubbing 265,000 110,000 0.13 
Chemical amine 
scrubbing 

353,000-
179,500 

134,00-179,500 0.17-0.28 

Membrane separation  233,000-
749,000 

81,750-126,000 0.12-0.22 

Cryogenic 908,500 397,500 0.44 
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PART B: TREATMENT OF BIOGAS PURIFICATION EFFLUENT 

 

2.4 Effluent composition 

The operation of biogas upgradation results in direct emission of greenhouse gases such as 

CH4 and CO2 from its effluent. H2S is also emitted during the process that come from 

dissolved H2S gas in the effluent which subsequently create bad odors.  

 

2.4.1 Dissolved methane (CH4) 

There is no study yet been investigated on the removal of dissolved CH4 of biogas 

purification effluent. However, several peer reviewed had reported on the dissolved CH4 

removal and recovery of anaerobic treatment effluent by using methods such as biological 

oxidation, aeration, air stripping and membrane-based recovery. Crone et al. (2016) reported 

that for the treatment of dissolved CH4 from up-flow anaerobic sludge blanket (UASB), 

biological treatment by downflow hanging sponge (DHS) is more suitable compared to 

membrane-based method due to high removal of residual dissolved CH4, suspended solid and 

COD thus eliminating the need for post treatment. Table 2.12 shows the performance of 

dissolved CH4 removal from municipal wastewater by biological oxidation treatment.  

 

2.4.2 Dissolved carbon dioxide (CO2) 

In wastewater treatment plant the CO2 production is attributed to two main sources; 

biological treatment process and electricity consumption (Campos et al., 2016). Dissolved 

CO2 needs to be removed in order to make the effluent of biogas upgradation system become 

reusable. Reducing the concentration of CO2 leads to a rise in pH and a reduction of 

aggressive CO2 which can disintegrate concreate pipe. Aeration and gas stripping are 

normally applied for gas separation from liquid solution. According to Hu et al. (2011), the 

gas to liquid (G/L) flow ratio has the most significant influence on the CO2 removal 

efficiency. The efficiency increased with the increase of (G/L) and ratio of 5 to 8 is 

considered to be the best for the CO2 removal from aquaculture water.  

 

2.4.3 Dissolved hydrogen sulfide (H2S) 

The presence of high concentration of H2S gas in biogas upgradation effluent can caused 

corrosion problem on concreate, steel and water transport system (Krayzelova et al., 2014). 

Removal of sulfide (S2-) from the effluent can be carried out either by physical, chemical or 

biological processes. However, although physical and chemical are rapid and efficient 
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processes due to their high operational cost (Appels et al., 2008) and production of secondary 

pollutants it is become unfavorable (Ho et al., 2013). However, for biological processes, the 

operational of H2S metabolization is in an efficient, inexpensive way (Ho et al., 2013) with 

lower or no need for chemical addition (Buisman et al., 1989; Syed et al., 2006; Krayzelova 

et al., 2014). Nevertheless, the accumulation of sulfate (SO4
2-) reduce from the oxidation of 

sulfite (SO3
2-) has caused drop in pH (Lee et al., 2006; Gonzalez-Sanchez et al., 2008; Jiang 

et al., 2009; Ho et al., 2013). Among biological method microaeration has been gaining 

attention over the past years for desulfurization. This process is based on the controlled 

dosing of a limited amount of air or oxygen into the reactor to ensure the oxidation of S-2 into 

elemental sulfur (So). Table 2.13 shows the performance of different biological sulfide 

oxidizing systems.   
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3.1 Introduction 

A mathematical model describing biogas treatment using physical and biological process is 

performed using Microsoft Excel and validate by experimental data. The model is used to predict 

the treatment efficiency of biogas purification (by physical process) and its effluent treatments (by 

physical and biological process). In the model the mass transfer and concentration for each species 

in the gas and liquid phases at each finite different along the column were calculated separately. 

For both physical and biological models, the parameters in Table 3.1 and the following 

assumptions are used; 

i. The system operates at steady state conditions. 

ii. The column is divided into 20 iteration, n=20. 

iii. The transport of the gas components (CH4, CO2, H2S, O2 and N2), air and liquid occurred in 

the axial direction; they were assumed to be homogeneous and completely mixed. 

iv. The liquid flow is constant for a given distance (dz) and given time (t). 

v. The input air contains of 21% O2, 79% N2, and 0.04% CO2. 

vi. The dissolved N2 does not undergo any biological or chemical reaction in the reactor. 

vii. The maximum biological consumption rate (R*) of CH4 and H2S for biological process 

model are determined based on input and output of experimental data.  

 

Table 3.1: Model parameters 
 

A. General parameter 
Column height, (m) 
Sponge volume, Vsponge, (L) 
Gas volume, Va, (L) 
 

1.2 
0.42 
1.87 

B. Parameter for physical model (biogas purification) 
Gas flow rate, QG, (L d-1) 
Liquid flow rate, QL, (L d-1) 
Operational temperature, T, (˚C) 
Operational pressure, P, (atm) 
Input biogas, CH4: CO2: H2S, (%) 
Time, ∆t, (s) 
Input pH 
 

10.18-60.48 
30.53-120.96 
5-30 
1 
60-67:32-40:0-3 
0.3 
7-8 

C. Parameter for physical combine with biological model (effluent treatment) 
Gas flow rate, QG, (L d-1) 
Liquid flow rate, QL, (L d-1) 
Operational temperature, T, (˚C) 

2.02 
5.04-50.4 
25 
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Operational pressure, P, (atm) 
Input dissolved gas, CH4: CO2: H2S, (mg L-1) 
Time, ∆t, (s) 
Input pH 
Max. consumption rate CH4, R* (mol L-1 d-1) 
Max. consumption rate H2S, R* (mol L-1 d-1) 
Monod constant of O2 gas, Kco2, (mol L-1) 
 

1 
11.2:44:12 
0.3 
5.64 
0.02 
0.0008 
2μ 

 
3.2 Physical model  

In the simulation process, a multicomponent absorption of biogas (CH4, CO2, H2S, N2 and O2) in 

scrubbing water was governed by Henry’s law as in equation 2.2 and the Henry’s constants applied 

are as in Table 3.2.  The scrubbing water was reacted as an inert component for the transfer of 

biogas components in the liquid phase. The dissolution of CO2 and H2S in water are higher 

compared to CH4, N2 and O2 (Tippayawong and Thanompongchart, 2010).  

 

 

By 

assum

ing 

that 

the 

biogas 

and 

scrub

bing 

water 

are of plug-flow in the column, a conceptual schematic of the mass transfer model is shown in 

Figure 3.1, and the following mass balances in an infinitesimal distance dz at position i are 

established for the gas components. 

,                                                                     

(3.1) 

  , for  = CH4, CO2, H2S, N2, and O2,              (3.2) 

Table 3.2: Henry’s constant (E) values of selected gases in water at different 
temperatures. 
(Source:  Foust et al., 1960) 
 

Gases / 
Temperature ( C)  

E  104
 (atm/mole fraction) 

5 10 15 20 25 30 
CH4 2.61 2.97 3.37 3.76 4.13 4.49 
CO2 0.088 0.104 0.123 0.142 0.164 0.186 
H2S 0.0318 0.0367 0.0425 0.0483 0.0546 0.0609 
O2 2.91 3.27 3.64 4.01 4.38 4.75 
N2 5.99 6.68 7.36 8.04 8.64 9.24 
       

NOTE: In this study, Henry’s constant (Hj) is in units of atm L mol-1. Therefore, the unit conversion can be 
calculated using the following relation equation: 

 ,  where  is the water solution concentration at a specified temperature condition.  
Sample calculation of O2 at 25 C: At 25 C, the H2O solution concentration is 55.626 mol/L; therefore, 
Hj@25˚C (atm L mol-1) = 55.626 / (43800) = 0.00127.  
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where   is the molar flux of the pollutant transfer between the liquid and gas phases, can be 

calculated from the overall mass transfer coefficient (KLa) and the concentration driving force as 

shown by equation 2.3.  

 
Figure 3.1: Differential element of absorption column. With z is the position along the column and 

dz is the height of the finite element, the gaseous and liquid flow rates are shown by QG and QL, 

respectively, the concentrations for i component (CH4, CO2, H2S, O2, N2) in gas and liquid are 

shown by P and C, respectively.  

 

The CO2 and H2S that dissolved in the water are dissociated into ions (Eqns. 3.3 & 3.4), and the 

concentrations of dissociated ionic compounds are depend on pH.  

                               (3.3) 

                                                 (3.4) 
 

Where in the reaction between dissolved CO2 and H2S gas with H2O show the production of 

bicarbonate ( ), carbonate ( ), bisulfide ( ) and sulfide ( ) ions. Whilst, K1 and K2 

are the dissociation constant of CO2 and H2S (Table 3.3). 

The pH is calculated using the charge balance of ions in water as represented as follows: 
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                                             (3.5) 

                                                     (3.6) 

                                                     (3.7) 

                                                                     (3.8) 

 

 
Where, Alk is alkalinity, and Kw is dissociation constant of water (Table 3.3). In other words, the 
dissociated ionic concentrations are determined using H+ concentration with the dissociation 
constants of CO2 and H2S.  
 
 
 
 
3.3 Biological model  

For the biological oxidation process, the mass transfer of CH4, H2S, CO2, O2, and N2 gas components in 

the three different phases (gas, liquid, and biofilm) with a biological reaction in the biofilm, are shown in 

the schematic in Figure 3.2. A multiple-substrate Monod kinetic expression was used to describe the 

influence of CH4, H2S, and O2 substrates on the cell growth as follows:  

 , for j= CH4 and H2S                  (3.9) 

where Rj (mol L-1 d-1) is the biological substrate consumption rate of cells. R*j (mol L-1 d-1) is the 

maximum biological consumption rate constant of substrate j. Cj (mol L-1) is the substrate 

concentration of j, and Kcj (mol L-1) is the Monod constant for substrate j. Further, CO2 (mol L-1) 

and KCO2 (mol L-1) are the concentration and Monod constant of the O2 substrate, respectively. 

With the assumption that the dissolved O2 concentration is low in the liquid with KCO2 > CO2; the 

Table 3.3: Dissociation constants (K) of several components at different temperatures. 
(Source: Stumm and Morgan, 1981; Frank 1986) 

 

Component 
 

Temperature ( C) 
5 10 15 20 25 30 

H2O KW 1.862  10-15 2.951  10-15 4.467  10-15 6.761  10-15 1  10-14 1.148  10-14 
CO2

 K1 
K2 

3.02  10-7 

2.75  10-11 
3.47  10-7 

3.24  10-11 
3.80  10-7 

3.72  10-11 
4.17  10-7 

4.17  10-11 
4.47  10-7 

4.67  10-

11 

3.42  10-7 
3.52  10-11 

H2S K1 
K2 

 1.29  10-7 

1  10-19 
  1  10-7 

1  10-19 
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effects of the other substrates (CH4 and H2S) on cell growth were considered negligible by 

assuming that Kcj<Cj; therefore, the specific substrate consumption rate of cells becomes; 

                                    (3.10) 

The R*j values used were taken from the experimental data measured during the optimal removal 

of CH4 and H2S.  KCO2 value of 2 μmol L-1 was applied, according to Robinson and Tiedje (1983). 

 
Figure 3.2: Differential element of integrated biological and physical process in a reactor column. 

With z is the position along the column and dz is the height of the finite element, the gaseous and 

liquid flow rates are shown by QG and QL, respectively, the concentrations for i component (CH4, 

CO2, H2S, O2, N2) in gas and liquid are shown by P and C, respectively.  

 

The following equations describe the overall mass balance over an infinitesimal distance dz at 

position i at the top and bottom of the reactor column: 

At position i at the top of the reactor: 

                (3.11) 

At position i at the bottom of the reactor: 

Physical stripping of 
CO2 gas 

Biological oxidation 
process of CH4 & H2S 
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                                 (3.12) 

Here, gas j corresponds to CH4, CO2, H2S, O2, and N2. However, in the gas phase during t=0, at the 

inlet positions, Pj,in represents the partial pressure of gas j corresponding O2, N2, and CO2 only.  

 

 

3.4 Simulation procedure 

Figure 3.3 showing the Excel forms of the develop simulation and the procedure for each 

concentration calculations in the column is as follows: 

a. The initial concentrations of component   in the gas phase, , and liquid phase,  in 

the column are assumed for  to  and at , where , and  

(Figure 3.4). 

b.  and  at  are calculated based on the Henry’s law, molar flux equations and 

material balance (Figures 3.5 & 3.6). 

c.  is replaced with  , and  is replaced with . 

d. Steps (b) and (c) are repeated. 

e. Steady state is achieved when   and   

 

 

 

 

 

 

 

 

 

 

 

 

 

j ,j iP

0i n 0t 4 2 2 2, , ,j CH CO H S N 2O

t t

Initial gas and liquid components 
concentration 
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Figure 3.3: Example of simulation in Excel spreadsheet 

Figure 3.4: Schematic of differential element of the system at t=0



IN
N

O
V

A
TI

V
E 

W
A

TE
R

 S
C

R
U

BB
ER

 P
A

C
K

ED
 W

IT
H

 S
PO

N
G

E 
C

A
R

R
IE

R
S 

FO
R

 B
IO

G
A

S 
PU

R
IF

IC
A

TI
O

N
  

 
 

44
 

  

 
Fi

gu
re

 3
.5

: S
ch

em
at

ic
 o

f d
iff

er
en

tia
l e

le
m

en
t o

f a
n 

ab
so

rp
tio

n 
an

d 
bi

od
eg

ra
da

tio
n 

pr
oc

es
s a

t t
=∆

t a
nd

 p
os

iti
on

 i 
of

 u
pp

er
 si

de
. 



IN
N

O
V

A
TI

V
E 

W
A

TE
R

 S
C

R
U

BB
ER

 P
A

C
K

ED
 W

IT
H

 S
PO

N
G

E 
C

A
R

R
IE

R
S 

FO
R

 B
IO

G
A

S 
PU

R
IF

IC
A

TI
O

N
  

 
 

45
 

 

Fi
gu

re
 3

.6
: S

ch
em

at
ic

 o
f d

iff
er

en
tia

l e
le

m
en

t o
f p

hy
si

ca
l s

tri
pp

in
g 

pr
oc

es
s a

t t
=∆

t a
nd

 p
os

iti
on

 i 
of

 b
ot

to
m

 si
de

.



INNOVATIVE WATER SCRUBBER PACKED WITH SPONGE CARRIERS FOR BIOGAS PURIFICATION  
 

46 
 

References: 

Foust, A.S., Wenzel, L.A., Clump, C.W., Maus, L., Anderson, L. 1960. Principle of Unit 

Operations, John Wiley &Sons, New York. 

Frank, J.M., 1986. The thermodynamics and kinetics of the hydrogen sulfide system in 

natural waters. Marine Chemistry 18, 121-147.  

Robinson, J.A., Tiedje, J.M., 1983. Nonlinear estimation of Monod growth kinetic 

parameters from a single substrate depletion curve. Appl. Environ. Microbiol. 45, 

1453. 

Stumm, W., Morgan, J.J. 1981. An introduction emphasizing chemical equilibrium in 

natural waters. 2nd edition, John Wiley & Sons, New York, p. 127.   

Tippayawong, N., Thanompongchart, P., 2010. Biogas quality upgrade by simultaneous 

removal of CO2 and H2S in a packed column reactor. Energy 35, 4531-4535.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INNOVATIVE WATER SCRUBBER PACKED WITH SPONGE CARRIERS FOR BIOGAS PURIFICATION  
 

47 
 

 

CHAPTER 4 

BIOGAS PURIFICATION PERFORMANCE 

OF NEW WATER SCRUBBER PACKED 

WITH SPONGE CARRIERS 

 
 

TABLE OF CONTENTS 

 

 

 

 

 

 

4.1 INTRODUCTION……………………………………... 50 
4.2 MATERIAL METHODS……………………………… 52 

 4.2.1       EXPERIMENTAL SETUP…………………. 
4.2.2       OPERATIONAL CONDITIONS…………… 
4.2.3       SAMPLING AND ANALYSES……………. 

52 
53 
53 

4.3 MATHEMATICAL MODEL CONCEPT…………….. 55 
4.4 RESULTS……………………………………………… 56 

 4.4.1       PURIFICATION PERFORMANCE………… 56 
 4.4.2       MASS TRANSFER COEFFICIENT 

DETERMINATION AND VALIDATION….  
4.4.3       SIMULATION PERFORMANCE………….. 
               4.4.3.1      APPROPRIATE QL/QG RATIO…. 
               4.4.3.2      COLUMN HEIGHT……………… 

 
57 
60 
60 
61 

4.5 DISCUSSION ………………………………………… 62 
4.6 CONCLUSION……………………………………….. 66 

  
REFERENCES………………………………………… 

 
67 



INNOVATIVE WATER SCRUBBER PACKED WITH SPONGE CARRIERS FOR BIOGAS PURIFICATION  
 

48 
 

4.1 Introduction 

Biogas can be biologically produced in anaerobic digestion processes for treating 

wastewater or solid organic waste such as animal manure, sewage sludge, agricultural 

residue, and food scraps (Bauer et al., 2013). Generally, biogas is composed of 50 75% 

(CH4), 25 50%  (CO2), 0 10% (N2), 0 3% (H2S), 0 1% (H2), and traces of other gases 

(Goswami et al., 2016). The main component, CH4, is very valuable as a clean and 

renewable energy source, which renders biogas a potential candidate to replace fossil fuels.  

Biogas is similar to natural gas in most physical and chemical properties. The main 

differences between these two gases are the CH4 content and their applications. Natural gas 

normally consists of 75 98% CH4 and has higher burning energy; for instance, a lower 

heating value of 38.6 MJ Nm-3 is generated from 94% CH4 content (Agarwal et al., 2014). 

In contrast, a lower heating value of biogas in the range of approximately 15 30 MJ Nm-3 

results from much lower CH4 content (Tippayawong and Thanompongchart, 2010), and this 

value is far less than that of natural gas owing to the CO2 content. The large amount of 

noncombustible CO2 gas present in biogas reduces not only its calorific value, but also the 

flame velocity and flammability limit (Wylock and Budzianowski, 2017). Therefore, 

biogas application is restricted to vehicle engines and city gas. In addition, if biogas is used 

as a transport vehicle fuel, CO2 gas occupies additional space in the storage cylinder tanks, 

generating additional energy consumption for biogas compression and indirect increase in 

operational cost (Shah et al., 2016).  

Apart from the issue of CO2, even the small amount of H2S present in biogas is 

problematic as H2S is one of the most harmful environmental pollutants and causes severe 

corrosion of equipment such as pipes, engines, pumps, compressors, gas storage tanks, and 

valves (Ryckebosch et al., 2011). Moreover, sulfur dioxide (SO2) is formed by H2S 

combustion, and this gas is considered more dangerous than H2S. The product of the 

reaction between SO2 and water vapor in the atmosphere induces smog formation and acid 

rain problems (Wichitpan et al., 2012). 

Various countries have different standards and recommendations for upgrading 

biogas to vehicle fuel. For example, the Swiss regulations for biogas use in vehicle engines 

or as city gas state that the standard CO2 and H2S concentrations must be lower than 6% 

and 5 mg m-3, respectively (Margareta et al., 2006). Nagaoka City, Japan, has purified 

biogas produced by the municipal sewage treatment plant for use as city gas, satisfying the 

quality requirements that the heat value must be more than 35.56 MJ Nm-3 (equivalent to 
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90% CH4 content) and the CO2 and H2S concentrations must be less than 4% and 2 ppm, 

respectively (Tatsuo and Shojiro, 2012). Thus, it is essential to remove CO2 and H2S from 

biogas to attain a feasible energy source. 

There are several methods of biogas purification: physicochemical absorption, 

pressure swing adsorption (PSA), membrane separation, cryogenic separation, and/or use 

of biological technologies (Paolo et al., 2017). As these purification methods have 

individual characteristics, the appropriate technology should be selected by considering the 

purification efficiency, operational conditions, investment, and maintenance cost (Olumide 

et al., 2017). PSA and wet scrubbing with water (water scrubbing) are popular. The PSA 

process consists of several steps to separate CH4 and CO2 from biogas under pressure 

according to the molecular characteristics of the gases and their affinity to the adsorbent 

material; however, this process is complex compared to water scrubbing (Rafael et al., 

2016). Indeed, the most difficult aspect of PSA operation is controlling the high 

temperature and pressure, which has limited the application of this method on a wider scale 

(Shang et al., 2012). 

In contrast, water scrubbing at high pressure is the most commercially feasible 

technology for biogas purification owing to its simplicity and performance reliability 

(Karim and Fatima, 2018). However, according to Cozma et al. (2013), the disadvantage of 

this technology is its higher electricity cost (0.34 kWh m-3 raw biogas). Therefore, water 

scrubbing performed at near atmospheric pressure has been proposed, which requires a 

lower specific electricity of 0.24 kWh m-3 for raw biogas (Budzianowski et al., 2017). 

However, water scrubbing at atmospheric pressure is limited to very small installations and 

is not usually offered by commercial vendors because a higher liquid-to-biogas flow ratio is 

required (Budzianowski et al., 2017). Moreover, high purification performance is difficult 

to achieve. Geng et al. (2015) and Walozi et al. (2016) reported that they achieved 

maximum purified CH4 concentrations of only 77 and 80%, respectively under atmospheric 

pressure conditions using the water scrubbing method. 

Packing carriers are usually installed in water scrubbers to enhance the mass 

transfer efficiency between the gas and liquid phases (Tan et al., 2012). The most 

commonly used packing carriers are pall ring, intallox metal, berl saddles, tellerette, tri-

packs and rasching ring  (Yasin et al., 2018). The packing carrier configuration is selected 

considering the porosity, specific surface area, and water holding capacity, which are 

directly related to the mass transfer efficiency (Dorado et al., 2009). However, even if 

packing carriers with high efficiency were used, improved purification performance under 
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low-pressure conditions cannot be expected, as discussed above. General packing carriers 

provide minimal water retention, yielding a very short actual hydraulic retention time 

(HRT), which in turn results in a short contact time for water and biogas and a short 

absorption time. Therefore, the present authors surmised that high purification performance 

would be possible for a water scrubber even at low pressures if the HRT was increased. 

Sponge has very high water retention characteristic. Thus, high biogas purification 

performance was predicted for a water scrubber with a sponge material as the packing 

carrier owing to the expected increase in the HRT.  

In this chapter, a new water scrubber packed with sponge carriers is proposed. To 

evaluate the performance of the proposed water scrubber, biogas purification experiments 

were conducted under atmospheric conditions. In addition, a mathematical model to 

simulate the purification phenomenon was constructed, and simulation experiments were 

conducted to determine the water scrubber operational conditions that yield highly purified 

gas satisfying the quality requirements of city gas (CH4 ≥ 90%, CO2 < 4%, H2S < 2 ppm in 

Nagaoka). 

 

4.2 Material and methods 

4.2.1    Experimental setup  

A column with a height of 1.2 m and working volume of 2.3 L was used as a lab-scale 

water scrubber in this study. A string of 23 carriers, which were connected to each other in 

series, was hung in the column (Figure 4.1). Each carrier consisted of polyurethane sponge 

(volume: 18.5 cm3) and a plastic frame (framed sponge). An artificial biogas made in a gas 

bag was provided to the scrubber from the lower end, at atmospheric pressure. The purified 

gas was collected from the top. The scrubbing water supplied from the top was down-

flowed through and onto the sponges in contact with the biogas, and was discharged from 

the bottom, primarily with absorbed CO2.  

The artificial biogas was composed of CH4 (60 67%), CO2 (32 40%), and H2S 

(0 3.0%). The scrubbing water was made by adding sodium bicarbonate (NaHCO3) to tap 

water to set the alkalinity to approximately 0.411 0.769 meq L-1. The scrubbing water pH 

was adjusted by adding hydrochloric acid (HCl). 
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Figure 4.1: Schematic diagram of water scrubber packed with framed sponge 

 

4.2.2    Operational conditions 

 Biogas purification experiments were conducted under various conditions for 16 runs 

(Runs 1 to 16, Table 4.1). For all runs, the ratio of the liquid flow rate   to the 

biogas flow rate  , namely , was varied as detailed in Table 4.1, and the 

effects were investigated. Runs 1 and 2 were conducted to investigate the effects of the pH 

at a constant  of 21.2 ml min-1 (corresponding to 20 min HRT based on the sponge 

volume) and 20 C. Runs 3 and 4 were conducted at 5 and 30 C, respectively, to 

investigate the influence of temperature compared to Run 1. Runs 5 to 7 were conducted at 

three different HRTs of 5, 10, and 15 min, respectively. The H2S removal performance was 

investigated in Runs 8 and 9 by changing the gases that make up the artificial biogas. To 

evaluate and verify the mass transfer coefficient ( ) inherent in the used water scrubber, 

Runs 10 to 16 were separately conducted under various operational conditions (Table 4.1). 

 

4.2.3    Sampling and analyses 

The biogas purification performance should attain a steady state after several HRTs or gas 

retention times (GRTs) from the start of operation because the flow used in the scrubber is 
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almost a plug flow. Therefore, the effluent gas and water were sampled and analyzed at 6, 8 

and 24 h after adjustment to achieve each operational mode listed in Table 4.1. The study 

confirmed that the performance attained a steady state by 24 h as expected.  The 

purification gas was collected into a gasbag (Smart Bag PA, GL SCIENCE/CEK 3008-

97720) and the CH4, CO2, O2, and N2 concentrations were measured using a gas 

chromatograph equipped with a thermal conductivity detector (GC-TCD, Shimadzu GC-

8A). Kitagawa detector tubes (Tube Nos. 120SM, 120SB, and 120SH) were used to 

measure the H2S gas concentration. The measurements were conducted in triplicate. Some 

of the raw measurement data are shown in the supplementary material section.  The 

effluent pH was measured.  

 

4.3 Mathematical model concept 

In this study, a mathematical model was constructed to describe the gasification and 

absorption phenomena in the water scrubber and simulate the biogas purification 

performance. The CH4 and CO2 in the biogas are absorbed into the scrubbing water of the 

liquid phase as dissolved gas, whereas dissolved gases in the scrubbing water such as N2 

and O2 are gasified into the gas phase and mixed with the purified gas. Each mass transfer 

at the liquid–gas interface is governed by Fick’s law; however, the transfer phenomenon is 

very complex. Therefore, physical model was developed as discussed in Chapter 3. The 

biogas concentration profiles are shown in Figure 4.2 as a sample of simulation result. 

 
Figure 4.2: Simulated biogas purification performance according to column height for 
specific operational conditions. 
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4.4 Results 

4.4.1    Purification performance 

Before conducting the purification experiment, the exact amount of biogas that can be 

treated by a scrubbing column containing sponge carriers with capacities of 0.42 L, and the 

required amount of scrubbing water to obtain purified gas of 90% CH4 were still unknown. 

Therefore, at the beginning of the experiment (Run 1), scrubbing water of pH 8 was 

supplied randomly at  of 21.2 ml min-1 (corresponding to water loading rate RL of 332 L 

m-3 h-1, based on the sponge volume) at approximately 20 C. Artificial biogas composed 

of 60% CH4 and 40% CO2 was first fed at  of 42.3 ml min-1 (corresponding to biogas 

loading rate RG of 166 L m-3 h-1, based on the sponge volume). Under this operational 

condition, which corresponds to  of 0.5 (= 21.2/42.3), 75.2% CH4 was observed in 

the purified gas. Unfortunately, the target CH4 concentration was not achieved (Figure 

4.3a). Then, we gradually reduced . Hence, the purified CH4 content was increased to 

85.1 and 91.3% at  of 21.2 and 14.1 ml min-1, respectively (corresponding to  of 

1.0 and 1.5, respectively). However, the purified CH4 concentration decreased slightly to 

90.5% at  of 3.0, suggesting that a much higher ratio slightly degrades the 

purification performance.  Note that this is the first time biogas of 60% CH4 was 

concentrated to ≥90% (v/v) using water scrubbing technology under normal pressure 

conditions. In Run 2, water of pH 7 was supplied under the same conditions as in Run 1 

(except for the pH difference). Surprisingly, the respective CH4 concentrations in the 

purified gas were very close to those obtained in Run 1. Thus, almost identical purification 

performance was observed even when water of different pH values was used (Figure 4.3a). 

Therefore, it was found that the ratio is one of the crucial factors that affect biogas 

purification performance compared to the scrubbing water pH value.  

 To investigate the effect of temperature on biogas purification, Runs 3 and 4 were 

conducted at 5 and 30 C respectively, with the operational conditions being the same as in 

Run 1 (except for the temperature changes). The tendency for the CH4 concentration of the 

purified gas to increase with increased was similar to that at 20 C for Run 1 

(Figure 4.3b). However, the effluent CH4 concentrations differed significantly. A CH4 

concentration ≥90% (v/v) was obtained at a lower  of 1.0 in Run 3, compared to the 

result for Run 1. This difference in the purification performance indicates that the 

purification water  required to obtain a highly purified gas is strongly dependent on 

temperature. 
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 In Runs 1 to 4 described above, the experiments were conducted at a constant  of 

21.2 ml min-1, corresponding to 20-min HRT based on the sponge volume. The HRT 

should influence the purification performance. Then, Runs 5 7 were conducted at various 

HRTs of 5, 10, and 15 min, respectively. Interestingly, the results exhibited very little 

difference in CH4 concentration for the respective HRTs at the same  (Figure 4.3c). 

Thus, the purification performance was found to be mainly governed by the  ratio at 

the same temperature regardless of the HRT. This means that it is only necessary for  to 

be changed proportional to the change in the provided to the scrubbing column in order 

to obtain the same performance. 

 The effect of H2S on the purification performance was investigated in Runs 8 and 9, 

where the provided artificial biogases with approximately 60% CH4 contained H2S at 

concentrations of 0.5 and 2.5%, respectively. This differed from Run 1, which had 0% H2S. 

The CH4 concentrations in the purified gas were almost the same regardless of the input 

H2S concentration (Figure 4.3d). Thus, it was found that the H2S in the biogas had a very 

small impact on the CH4 concentration, even at a high H2S concentration. On the other 

hand, the H2S removal was influenced by the provided H2S concentration. H2S 

concentrations of 400 and 700 ppm in the purified gas were detected for the cases of 0.5 

and 2.5% influent H2S, respectively, under of 1.0 (data not shown). However, as the 

was increased to 2.5, H2S was sufficiently removed within the scrubbing column. 

That is, the H2S concentration in the purified gas was below the detection limit (ppm), even 

though a very high H2S of 2.5% was provided (data not shown). Therefore, the described 

experimental results indicate that the artificial biogas was successfully purified using the 

water scrubbing column to produce ≥90% (v/v) CH4 gas with simultaneous H2S removal 

under operation with appropriate ratios, even under atmospheric pressure 

conditions. 

 

4.4.2    Mass transfer coefficient determination and validation 

The experiment discussed above demonstrate that biogas purification is possible using the 

proposed water scrubber. However, the operational conditions suitable for attaining high 

performance were not revealed. It is difficult to determine appropriate water scrubber 

operational conditions from insufficient experimental data. Therefore, the study attempted 

to determine these conditions using a mathematical model to simulate the water scrubbing 

phenomenon. In the model, the only unknown parameter is the overall , which is 
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generally strongly dependent on the packing material configuration in the scrubbing 

column. 
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Therefore, the first attempted was to estimate the  value. For an effective model, the 

observed performance should be coincident with the simulated results; here, it was found 

the  that yielded a simulated purified-gas CH4 concentration corresponding to the 

measured concentration through trial and error. Runs 10 13 (Table 4.1) were specifically 

conducted to determine  for a wide range of liquid velocities (υL). As shown in Figure 

4.4, the determined  values (based on the sponge volume, not the column volume) were 

inconstant, and tended to linearly increase with increasing υL. This observed trend was also 

reported in a previous study (Sherwood and Holloway, 1939). In addition, the evaluated 

 values of 8.5 34.2 L h-1 for the tested υL of 0.09 0.36 m h-1 were in the same order as 

those reported in previous studies, even though different packing materials such as Raschig 

rings (Evren et al., 1999), Hiflow rings (Biard et al., 2017), and polyurethane sponges 

(Almenglo et al., 2016; Dorado et al., 2009; Kim et al., 2008) were used. The determined 

 was expressed as a function of υL  as follows: 

.                                                                                                                        

(4.1) 

 

Figure 4.4: Determined  at different water-scrubber liquid velocities (υL). 

To check the validity of the simulation performed based on the constructed model and 

using the determined , the simulated performance was compared with experimental 

data. Figure 4.5 shows a graph of the simulated purified gas concentrations versus the 

measured results for Runs 14 16; the data were plotted almost on a straight line, which 

indicates that the simulated values were almost coincident with the measured values. 

Further, the simulations were in agreement with the measured results not only for CH4, but 
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also for the other gas compositions, namely, CO2, O2, N2, and H2S. In terms of the effect of 

the  ratio on biogas purification, the measured concentrations and effect were well 

simulated (Figures 4.3a d). This good agreement between simulation and measurement 

indicates that the constructed model and determined  are acceptable for simulating the 

purification phenomena. Note that, although  should be dependent on the temperature, 

we neglected its influence in the simulation owing to its minimal value. Further, the 

simulated data agreed well with measurement data even under different temperature 

conditions (Figure 4.5).  

 
Figure 4.5: Relationship between measured and simulated concentrations using determined 

 of purified biogas. 
 
 

4.4.3    Simulation performance 

4.4.3.1    Appropriate  ratio 

The biogas purification performance was significantly affected by temperature and the 

ratio, as mentioned above. Temperature is an uncontrollable parameter; however, 

the  ratio can be controlled. Numerical simulations using the proposed mathematical 

model were used to assess the appropriate . The range of predicted ratios for 

achieving purified gas with ≥90% (v/v) CH4 concentration at any temperature is shown in 

Figure 4.6, where the two lines correspond to 90% CH4. The area bounded by the lines 

corresponding to the minimum and maximum ratios (hatching) indicates CH4 ≥ 

90% (v/v). For example, if the scrubber is operated in the range of 1.0 3.0  at 20 C 

and HRT is 20 min, the CH4 concentration of the purified gas exceeds 90%. Thus, the 



INNOVATIVE WATER SCRUBBER PACKED WITH SPONGE CARRIERS FOR BIOGAS PURIFICATION  
 

60 
 

appropriate  ratio must be increased with increasing temperature to achieve the 

target purification (Figure 4.6).  

 

 
Figure 4.6: Temperature and /  operational conditions to obtain purified gas with 
minimum 90% CH4 content at 20 min HRT. The two lines correspond to 90% CH4. The 
circles indicate the measured CH4 concentrations. 
 

The GRT was thought to strongly influence the biogas purification performance. However, 

simulations show that although it is a crucial factor, the effect of GRT is not 

significant. That is, the ratio required to achieve 90% CH4 concentration is almost 

constant even if GRT is changed (Figure 4.7). Although the minimum should 

increase with decreasing GRT, the necessary increment is minimal for a wide range of 

GRTs (10 60 min) at any temperature. Even if the scrubber is operated for a short GRT of 

10 min, good performance can be achieved by increasing . Thus, the numerical 

simulations performed in this study were very useful for determining the appropriate 

operational conditions of the water scrubber. 
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Figure 4.7: Relationship between GRT and minimum /  ratio for CH4 90% in 
simulation at different temperatures. 
 

4.4.3.2    Column height 

In this study, a column height of 1.2 m was used. However, I am not certain that this is the 

optimum height for biogas purification. Theoretically, a higher column yields higher 

purification performance. The effect of column height on performance was investigated 

through simulation using the mathematical model. As predicted, the simulation results 

show that the CH4 concentration of the purified gas increased with increasing column 

height (Figure 4.8). Surprisingly, a very small column height of approximately 0.6 m is 

sufficient under operation with  of 2.5 and of 8.5 ml min-1 at 20 C. In other 

words, the simulation indicates that the purification is not enhanced even if a higher 

column (>0.6 m) is used. For a lower of 1.5, a higher column is required; however, 

a column height of only 1.3 m is sufficient and the CH4 concentration of the purified gas 

increases (Figure 4.8).  

 

 
Figure 4.8: Effect of column height on biogas purification at 20˚C. 
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Fortunately, the column with a height of 1.2 m used in this study is appropriate for the 

purification experiment. There is a negative relation between the column height required to 

achieve 90% CH4 and the implemented  ratio (Figure 4.9). This indicates that 

increasing the column height while decreasing  is necessary to obtain the same 

purification performance. In terms the influence of temperature, the column height should 

increase with increasing temperature for any . In addition, Figure 4.9 suggests that, 

under conditions with excessively low , good purification is impossible even if a 

very tall column is used. 

 

 
Figure 4.9: Column height required to achieve 90% CH4 in purified gas at 20-min HRT. 

  

4.5 Discussion 

In this study, artificial biogas purification through water scrubbing was successfully 

performed using a column packed with original carriers, that is, sponge with plastic-ringed 

frames (framed sponge), even under atmospheric pressure. The purification performance 

was excellent compared with previous reports (Geng et al., 2015; Walozi et al., 2016), with 

purified gas with more than 90% CH4 successfully produced, even for a very short column. 

The experiment differs completely from other studies involving packed carriers. The 

framed sponge has a water retention characteristic, which facilitates longer actual HRT. 

Note that the interphase mass transfer performance of the water scrubber should be affected 

by the actual HRT owing to its relation to the time in contact with the gas and liquid. That 

is, the interphase mass transfer performance is expected to increase with increased actual 

HRT. To investigate the manner in which the water retention of the framed sponge affects 

the purification performance, simulations were conducted under different water retention 
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conditions, which can be established by virtually changing the sponge volume in the ringed 

frame in an actual experiment. For constant , the calculated CH4 concentration of the 

purification gas clearly declined with decreased sponge volume (Figure 4.10). This means 

shortening of the actual HRT, suggesting that the carrier water retention is very important. 

For a ringed-frame with 50% sponge volume, only 85.8% CH4 concentration was achieved 

at a  of 2. However, the CH4 concentration was improved to 90% by increasing 

 under the operational conditions shown in Figure 4.11. However, improved 

purification performance cannot be expected for a framed sponge of 10% sponge volume, 

even if is increased significantly (Fig. 10). Previously, Läntelä et al. (2012) reported 

that purified gas with 88.1% CH4 was achieved in a purification experiment using a pall 

ring as packed carrier for  value almost identical to that used in the present study. 

However, in a study reported by William et al. (2014), good purification was not achieved 

even though a pall ring was used with a reactor height of less than 3 m. These packed 

carriers should have low water retention capability, yielding a brief period of time in 

contact with the gas and liquid because of the short actual HRT. If framed-sponge carriers 

were used in the experiments (Läntelä et al., 2012; William et al., 2014), excellent 

purification performance similar to my results could be expected under suitable operational 

conditions. 

 

 
Figure 4.10: Effect of framed-sponge water retention (assumed sponge volume in 
percentage) on biogas purification at 20˚C and HRT 20 min. 

 

Before conducting the experiment, t the scrubbing water pH is predicted to have 

some effect on the purification performance because the amount of dissolved CO2 is 

dependent on the pH. However, both the experiment and simulation results indicate that the 



INNOVATIVE WATER SCRUBBER PACKED WITH SPONGE CARRIERS FOR BIOGAS PURIFICATION  
 

64 
 

pH has minimal impact on the purification. The scrubbing water pH should decrease along 

with the down-flow in the scrubbing column through absorption of the CO2 of the provided 

biogas. When all the CO2 is absorbed, that is, for 100% CO2 removal, the decrease in the 

pH should stop. However, no limitless pH drop occurred. As the dissolved CO2 

concentration achieved equilibrium with the provided biogas at the bottom of scrubber, the 

pH became constant. This corresponds to a minimum pH for the effluent, which depends 

on the alkalinity and biogas CO2 concentration. Assuming 100% CO2 removal efficiency, 

the pH in the effluent can be estimated based on the CO2 balance. The pH calculation is 

described in the Chapter 3. For the operation at   ratio of 2, the pH in the effluent 

became 5.30 and 5.01 for influent pH values of 8.00 and 5.32, respectively, with 100% CO2 

removal. This simulation result indicates that, even if scrubbing water samples in a very 

wide pH range (e.g., spanning a range >5.32) are supplied, complete CO2 removal is 

possible. When is increased to 3, a wide applicable pH range (spanning >5.19) is 

attained. Thus, the pH has minimal impact on the purification performance because water 

has high CO2 absorption capacity for a wide range of pH values. At a low of 1, the 

effluent pH reaches a minimum value of 5.01 for any influent pH (<8), meaning that 100% 

CO2 removal is not attained. Therefore, the ratio is of notable significance in biogas 

purification without considering the scrubbing water pH. 

 

 

Figure 4.11: Effect of /  ratio on CH4 concentration of purified gas for different 
framed sponge water retentions (10, 50 and 100%) at 20˚C and HRT 20 min. The lines and 
circles correspond to simulation and experiment data, respectively. 
 

As discussed above, it was confirmed that there is theoretical relationship between 

the  ratio and CO2 gas removal. Previously, Rasi et al. (2008) also reported that a 
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higher  yields greater CO2 removal. In Figure 4.12, 100% CO2 removal is 

theoretically attained for ratios of 2 and 3 and scrubbing water of pH 8. This 

performance shows that purified gas with 100% CH4 can be produced. However, different 

results were observed in experiment (Figure 4.3a). The gas purified at  of 2.5 did 

not consist of 100% CH4; rather, 90.5% CH4 was detected. Moreover, as was 

increased to 3, the CH4 concentration declined. Water contains 6 8 and 10 20 mg L-1 of 

dissolved O2 and N2 at normal temperatures and equilibrium conditions, respectively (Díaz 

and Breitburg, 2009). This dissolved O2 and N2 should be gasified in the scrubbing column, 

so that the purified gas does not contain O2 and N2. In fact, O2 and N2 were detected in our 

experiments; Table 4.2 lists sample measured values for the purified gas obtained in Run 

10.  

 

 
Figure 4.12: Effect of /  ratio on CO2 removal simulated for biogas with 40% CO2 at 
20 ˚C, pH 8 and 20 min HRT. 
 

 

A simulation was conducted under the conditions shown in Figure 4.13 to elucidate 

the manner in which  affects the purified gas composition. As expected, the CO2 

concentration in the produced gas decreased steadily with increasing , corresponding 

to a large amount of water supply. Eventually, no residual CO2 was attained at  of 

approximately 3. In contrast, increased induced increments in the O2 and N2 

concentrations due to gasification of the dissolved gases.  

Table 4.2: Operational conditions and performance for experimental conditions of Run 10. 
 

Input biogas (%) 
(CH4:CO2:H2S:N2) 

pHin P 
(atm) 

T 
( C) 

KLa 
(h-1) 

QL/QG Purified gas (%) 
CH4 CO2 H2S N2 O2 

 

 
67:32:0:1 

 
8 

 
1 

 
20 

 
8.5 

0.5 75 22 0 2 1 
1 85 10 0 3 2 
1.5 91 4 0 3 2 
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Figure 4.13: Composition of purified gas simulated for biogas for 60% CH4 biogas 
operated at 20 ˚C, pH 8 and 20 min HRT. 

  

Therefore, although the CH4 concentration initially increases with increasing 

, it subsequently decreases. It is impossible to produce a perfectly purified gas. 

However, the simulation revealed that there is an optimum  ratio for biogas 

purification using a water scrubber, which can be determined using the mathematical model 

proposed in this study. 

 

4.6 Conclusion 

The study experimentally demonstrated that a water scrubber can purify biogas to have a 

methane concentration exceeding 90% without imposing external pressure. The developed 

mathematical model and numerical simulations indicate that framed-sponge carriers are 

effective in biogas purification and essential for high performance because the use of a 

sponge with high water retention increases the HRT. 

The  ratio was found to be the most crucial factor determining the 

purification performance. Excessively high values deteriorate the performance 

because the dissolved nitrogen and oxygen in the scrubbing water are incorporated into the 

recovered purified gas, which decreases the methane concentration. Although the proposed 

water scrubber can be applied to a wide range of pH and temperature values, it should be 

operated at an appropriate  ratio depending on the temperature.  
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5.1 Introduction 

Hydrogen sulphide (H2S) is one of the atmospheric pollutants that categorize under harmful 

and toxic gas, which it is not only corrode the metal pipes and equipment but also could 

threatens the human health (Maas and Marie, 1987). Biogas generally containing (55-80%) 

of CH4, (20-45%) of CO2, (0-10%) of N2, (200-18000 mg/m3) of H2S and other impurities 

(Pourzolfaghar et al., 2014). The concentration of H2S is far higher than the provisions of 

European environmental standards (not exceed 20 mg/m3) (Dai et al., 2008).    

The traditional desulfurization technologies for biogas was included dry 

desulfurization (membrane separation, molecular sieve, PSA, fixed bed adsorption method, 

Claus oxidation process), wet desulfurization (chemical absorption, physical absorption, 

physical and chemical absorption, wet oxidation method) and biological desulfurization 

(Xiao et al., 2017). Compared to other methods, biological desulfurization has the 

advantages such as high removal rate, no chemical catalyst, low energy consumption, no 

two pollution, mild desulfurization condition and can generate sulfur recovery resources 

(Zhao et al., 2003)(Syed et al., 2006). According to Xiao et al. (2017), the development of 

biological desulfurization process is still not formed a certain scale of industrial 

application. The two main reasons for this issue; first the culture of microorganisms is 

restricted by the composition of biological population and environmental factors and 

second the biochemical control is difficult, which restricts the development of biological 

desulfurization technology. 

Nevertheless, biological desulfurization has successful attracted many attentions 

because of its advantages of low energy consumption and no pollution. Therefore, in order 

to obtain large scale applications, it is necessary to make efforts in the fields of 

desulfurization bacteria, bioreactor and desulfurization process.  

In Chapter 4, the physical treatment of biogas with H2S contains ranges from 0-3% 

was performed in a reactor packed with sponge carrier. High removal efficiency of H2S 

with almost untraceable data readings were recorded. However, the performance of 

biological desulfurization in treating high H2S from biogas using the similar reactor is still 

undetermined. The objective of this chapter was to determine the performance of high H2S 

gas concentration removal from biogas by using a biological treatment. In stead of that, a 

comparison between the physical treatment performance (as performed in Chapter 4) to 

biological treatment performance. 
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5.2 Material and methods 

5.2.1 Experimental setup and conditions 

The overall experimental laboratory set-up system used in this study is illustrated in Figure 

5.1. The main parts of the design are at a gas generating part, an up-flow gas injected point 

at side port of the reactor that work counter current with the nutrients (0.06 g L-1 NaHCO3, 

0.001 g L-1 KH2PO4, 0.001 g L-1 K2HPO4, and 0.0005 g L-1 NH4CL) fed flow, and gas 

collecting point on top of the column surface. The bioreactor is a packed bed filter that 

made from a cylindrical acrylic column. About 23 polyurethane foam (PUF) cubes (8 cm3) 

were installed as the packing media for biomass immobilization. Prior to the start of the 

experimentation, PUF cubes were soaked into a diluted aerobic sludge (1:1) obtained from 

wastewater treatment plant treating municipal sewage intended for reactor inoculation. A 

mix of synthetic H2S, CO2 and CH4 gases are feed by peristaltic pump to the reactor with 

biogas composition as in Figure 5.1. The overall gas feeding rate is measured and 

controlled by flowmeter. The details of the system properties and its operational condition 

are described in Table 5.1.  

 

 
 

Figure 5.1: Schematic diagram of the develop treatment system 

 

 

CH4: 60 % 
CO2: 40% 
H2S:0.05-0.2% 
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Table 5.1: Properties and operational parameter of the develop 
reactor system 
 

Packing material Polyurethane foam 
Packing height (m) 1.2 
Reactor inner diameter (m) 0.05 
Packed volume (L) 0.425 
Reactor volume (L) 1.83 
Liquid flow, QL (L d-1) 0.58 
Gas flow, QG (L d-1) 5.1 
nutrient liquid pH 7-8 
Temperature, (˚C) 5-30 
O2 loading rate, (g/m3/h) 10-70 
H2S loading rate, (g/m3/h) 10-70 
QL/QG 0.5; 1.5 
O2/H2S 1-7 

 

5.2.2 Sampling and analysis  

The sampling ports are located at the top, middle and bottom of the reactor for laboratory 

analysis. A gasbag (Smart Bag PA, GL SCIENCE/CEK 3008-97720) was used to store the 

gas and the CH4, CO2, O2, and N2 concentrations were measured using a gas 

chromatograph equipped with a thermal conductivity detector (GC-TCD, Shimadzu GC-

8A). The H2S concentration in the off gas were measured using Kitagawa detector tubes 

(Tube Nos. 120SM, 120SB, and 120SH). pH meter was used to measure the pH. Sulfate 

(SO4
2-) concentration was analyzed using an HACH water quality analyzer (HACH 

DR4000).  

 

5.2.3 Microbial analysis 

Microbial DNA sequencing was performed for the squeezed suspended sludge collected 

from the reactor after 33 days of operation. The sludge samples (SS) were stored in 2-mL 

centrifuge tubes with a 50:50 (V/V) ratio of SS/glycerol and stored at -20°C until 

sequencing. DNA was isolated and extracted using the Fast DNA spin kit for soil (MP 

Biomedicals, Irvine, CA), as described in the manufacturer’s instructions. The extracted 

DNA was used for amplification of bacterial 16S rRNA gene fragments with primer pairs 

of 341F-805R. 16S rRNA gene sequences at ≥ 97% similarity were grouped into the same 

phylogenetic clone type. The PCR products were purified using an Agencourt AMPure XP 

(Beckman Coulter, Brea, CA, USA) according to the manufacturer’s protocols. PCR 

products were confirmed using a 1% (W/V) agarose gel and Qubit dsDNA Assay Kit 
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(Thermo Fisher Scientific). Purified DNA was sequenced using a Miseq platform with a 

Miseq Reagent Kit v3 (Illumina Inc., San Diego, CA, USA).  

 

5.3 Results and discussions 

5.3.1 Inoculation and start up  

During the 10 days startup phase the inlet H2S concentration was set to 5000 ppmv  (91.23 g 

H2S m-3 h-1), the pH set point to 7-7.5 and the O2/H2S supplied ratio was 2-3. The H2S and 

O2 concentration varied significantly (Figure 5.2a) due to poor manual handling at the inlet 

gas point. The H2S removal efficiency (RE) decreased to 55% from 64% on the second 

days caused by overloaded input of H2S gas. On the first and second days the H2S removal 

can be due to physical absorption of H2S gas into the purification liquid and the biological 

degradation of H2S as in equation 5.1 by sulfide oxidation bacteria (SOB) start at day three 

onward where 90% and above of RE were measured except for day 6 where RE suddenly 

drop to 49%. This happen due to insufficient of O2 supply for the loaded H2S concentration 

which corresponding to biological limitation to occur. This can be further explained with 

RE data on day 7 where almost similar amount of O2 was supply but exposed to much 

lower H2S concentration and the result showed 100% RE was recorded.  The reactor able to 

achieve RE up to 99.9% or 0.07 g H2S m-3 h-1 after 10 days of operation (Figure 5.2b). 

However, the performance was still not stable yet, with an average RE of 84.2%.  

H2S + CO2 + nutrient + O2              S0 and/or SO4
2- + H20                                                (5.1) 

Low SO4
2- concentrations were observed in the liquid effluent (Figure 5.2c) from day 1 to 

5. High SO4
2- was measured after six days operation (Figure 5.2c) with maximum of 50 

mg/l of SO4
2- on day 10 at pH 3.4. Formation of SO4

2- occurred when the supply of H2S is 

depleted. Therefore, the energy obtained for the sulfur oxidizing bacteria (SOB) usually 

from further oxidation of elemental sulfur to sulfate as in equation 5.2. This proportional 

with gradually decreased of effluent pH reading which indicated the formation of sulfuric 

acid (H2SO4) in the liquid effluent (Figure 5.2c).    

H2S+2O2               SO4
2- + 2H+                                                                                          (5.2) 

The SOB uses inorganic carbon dioxide (CO2) or bicarbonate ions as a food source to 

acquire carbon. For that, the H2S were oxidized to obtain energy for CO2 synthesizing 

process. High CO2 removal was occurred after day two (Figure 5.2d). This progress 

indirectly showed the effective growth of SOB cultured. In conjunction, during the growth 

high enrichment of methane gas (CH4) was measured with maximum of 17% with almost 

completely removed of H2S gas during day 4. Nevertheless, the CH4 enrichment starts 
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decreasing when there is reduction in O2 supply. This situation shows that the heterotrophic 

bacteria start to growth where it’s utilizing the CH4 as a food source due to oxygen 

limitation condition and this make the oxidation process slower. However, once suitable 

amount of O2 was supplied more than 90% of H2S removal can be achieved from the 

oxidation of H2S to SO4
2-.  

 

 
Figure 5.2: Monitoring of data during startup phase (a) H2S inlet and out concentration and input 
pH profile (b) H2S elimination capacity and removal efficiency (c) SO4

2- and output pH profile (d) 
Percent of CH4 enrichment and CO2 removal. 

 

5.3.2 Biological treatment performance 

The biological purified biogas generation levels recorded in the reactor is presented in 

Figure 5.3. QL/QG ratio of 1.5 and low input concentration of hydrogen sulfide gives more 

CH4 generation compared to ratio 0.5 (Figure 5.3a). 91% of methane gas was generate with 

lower oxygen supply condition and showing gradually decreased as the O2 supply 
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increased. However, contradict with CO2 and H2S gas where high concentrations were 

detected at low ratio of QL/QG and high input H2S concentration (Figures 5.3b & 5.3c). 
The concentration of CO2 gas could have reached up to 20% when the O2 supply is 

increased.From biological treatment data in Figure 5.3, it can be concluded that gas-liquid 

flow ratio does give effect on the system performance. For high concentration of H2S 

(>0.5%) lower gas flowrate is required to achieve high purify methane concentration. This 

provide high gas retention time for the bacteria to oxidize the gas components. The higher 

ratio of O2/H2S supplied for the biological treatment seem no effect on the removal of 

hydrogen sulfide gas. Therefore, for high water flowrate small amount of oxygen gas is 

sufficient for the oxidation process. Nevertheless, high concentration of hydrogen sulfide 

with low QL/QG might require much higher oxygen supply for the growth of SOB in the 

biofilm. However, higher supply of oxygen gas will reduce the purified CH4 generation.  

 

 
Figure 5.3: Percentage of CH4, H2S and CO2 gas generation at the outlet gas point for biological 
treatment. 
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5.3.3 Comparison between physical and biological treatment  

The data from physical treatment as reported in Chapter 4 were used to compare with the 

performance of biological treatment in treating the H2S gas and purified the CH4 gas. The 

graph plotted in Figure 5.4 showing that good correlation in between biological and 

physical data for the purified methane generation.  

 
Figure 5.4: The comparison of CH4, H2S and CO2 gas generation rate at the outlet gas point for 
biological, physical and simulation at QL/QG:1.5 and H2S: 0.5% 
 
Furthermore, due to almost similar amount of purified gas generated from both physical 

and biological, it seem that physical treatment is enough to treat for the given H2S 

concentration and QL/QG without the application of biological treatment. On the contrary, 

for low QL/QG the physical treatment is unable to efficiently treat for biogas contain with 

high H2S concentration, which is contradict with biological treatment, where it able to treat 

at low QL/QG with percentage of H2S removal more than 90% as shown in Figure 5.5. 

Figure 5.6 described the contribution of physical process in percentage in the biological 

treatment system in treating hydrogen sulfide gas. At low oxygen supplied biological 

process able to contribute higher compared to physical process and vice versa at high 

oxygen condition.  
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Figure 5.5: The proportions of physical and biological reaction of develop biological treatment 
process system in treating H2S gas at QL/QG:1.5 and H2S: 0.5% 

 
Figure 5.6: The performance of H2S removal for physical and biological treatment at QL/QG:0.5  
 
 

5.3.4 Microbial analysis 

The analysis of the bacterial communities presents in the inoculum after 33 days of 

operation was elucidated in Figure 5.7 & 5.8. Bacteria belonging to the phyla 

Proteobacteria, Bacteroidetes, Verrucomicrobia and Firmicutes were predominant (Figure 

5.7). The most abundance genus of sulfide oxidation bacteria (SOB) and methane oxidation 

bacteria (MOB) is shown in Figure 5.8. The SOB was dominated by Pseudomonas and 

Hypomicrobium. Methylobacter, Methylocaldum and Methylomicrobium were the 

dominance genus species of MOB present in the study.  
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Figure 5.7: Major phylum of bacteria  

 

 
Figure 5.8:  Major genus identified in inoculum. (a) sulfide oxidation bacteria (SOB) (b) 

Methane oxidation bacteria (MOB).  

 

5.4 Conclusion  

As a conclusion, biological treatment is no need for the treatment of biogas with high 

hydrogen sulfide in the develop sponge scrubber system, because physical treatment is 

capable to achieved high purified methane generation with almost undetectable of 

hydrogen sulfide gas if suitable operational conditions especially the QL/QG is 

implemented. The initial H2S concentration and the ration between O2 and H2S also 

required proper controlled in ensuring high removal of H2S gas from the system.  
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6.1 Introduction 

Biogas purification is a well-established technology applied in wastewater treatment plants 

to produce high-purity methane (CH4) particularly for use as vehicle fuel or for injection 

into the gas grid. Currently, there are several technologies for biogas purification that are 

available such as water scrubbing, pressure swing adsorption, membrane technology, 

cryogenic separation, hydrate formation, biological methods, and physical and chemical 

absorption (Sun et al., 2015). Among all these methods, biogas purification via water 

scrubbing is the most widely applied technology because it is the simplest and cheapest 

method (Nock et al., 2014; Karim and Fatima, 2018). In water scrubbing, water is used as 

the solvent to remove gaseous pollutants, especially carbon dioxide (CO2) and hydrogen 

sulfide (H2S) using absorption techniques (Heyden et al., 2016). However, during 

absorption, a substantial amount of CH4 is dissolved in the water, which results in a 

significant loss of CH4 (i.e., energy) in the effluent (Hartley and Lant, 2006). Besides, the 

presence of dissolved CH4 also has a serious impact on global climate change and air 

pollution when released into the environment (Liu et al., 2014). Furthermore, CH4 is known 

to have a greenhouse power 25 to 34 times higher than CO2 gas and all halocarbons 

combined (Gu et al., 2017; Stocker et al., 2014). It is reported that 5% of the global CH4 

emissions is from wastewater treatment plants and most of the emissions come from 

dissolved CH4 in effluents (E-Fadel and Massoud, 2001; Smith et al., 2014).  

Heile et al. (2017) reported that under atmospheric conditions, the concentration of 

dissolved CH4 in the anaerobic wastewater effluents could reach 35 mgCH4L-1 when the 

temperature is below 5˚C and decreases following an increase in water temperature. It 

should be noted that if anaerobically treated effluent is going to be sent to a closed conduit, 

it must be degassed to a concentration of 0.14 mgCH4L-1 to prevent the creation of a 

potentially explosive environment; this is usually done with forced aerators, packed towers, 

and bubble columns (Cookney at al., 2016; Henares et al., 2016). There are several other 

techniques proposed for dissolved CH4 removal or recovery from anaerobic wastewater 

effluent. These include aeration, biological oxidation, air stripping, and membrane-based 

recovery (Crone et al., 2016). Hatamoto et al. (2011) reported biological oxidation of 

dissolved CH4 from anaerobic effluent using a highly spacious down-flow hanging sponge 

(DHS) reactor can remove more than 90% of CH4. The use of DHS was extended to CH4 

recovery when two DHSs were used sequentially, in which most of the dissolved CH4 was 

removed in the first stage, and the residue was then oxidized in the second stage (Matsuura 

et al., 2010, 2015).  
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In contrast with anaerobic wastewater effluent, the biogas purification effluent is 

usually associated with high saturation of dissolved CO2 and H2S. When the purification 

effluent becomes saturated with CO2, it not only potentially contributes to global warming 

but also reduces the effluent pH as well (Summerfelt et al., 2015). In addition, the 

dissolution of H2S in water makes the water corrosive, which can result in leaching of 

metals present in the plumbing system (Ling et al., 2011). Considering the worst possible 

effects of the dissolved contaminants, this effluent appears unsuitable for regeneration 

purposes. 

To gain a better understanding of biogas purification and its effluent constituents, 

prior to this study, a biogas purification experiment was conducted using artificial as in 

Chapter 4. During this experiment, a new water scrubber packed with a sponge carrier was 

used to purify the biogas under atmospheric conditions, and more than 90% CH4 with no 

H2S gas was successfully obtained. It was also observed during the experiment that the 

purification effluent comprised of dissolved CH4, CO2, and H2S, with the final effluent 

having a pH of 5.64 (data not published) (Figure 6.1a). Continuing this study was the 

objective behind the present chapter, in which a similar type of reactor was used to 

eliminate the dissolved components of CH4, H2S, and CO2 through integration of biological 

oxidation and physical stripping processes (Figure 6.1b). 

 

 

Figure 6.1: Schematic of the sustainable biogas treatment. (a) Biogas purification reactor. 
(b) Scrubbing effluent treatment reactor. 
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The use of biological oxidation and physical stripping to remove dissolved CH4, H2S, 

and CO2 from biogas purification effluents is very unusual because to the best of our 

knowledge, there is no study investigating the removal or recovery of dissolved 

components by integrating these two processes in a single reactor. Therefore, the feasibility 

of the proposed system remains unknown.  

The goal of this chapter was to reduce greenhouse gas emissions from the biogas 

purification effluent whilst correcting the effluent pH for water regeneration. To reach this 

goal, a post-treatment system for biogas purification was developed by combining 

biological oxidation and physical stripping processes to remove CH4, H2S, and CO2 

simultaneously. Evaluations of the experimental performance of the proposed system via 

coupling with a mathematical model were conducted to simulate and determine the 

optimum performance of biological oxidation and physical stripping in removing the CH4 

and recovering the effluent pH.  

 

6.2 Material and methods 

6.2.1    Experimental setup and processes 

A schematic of the system used in this study is shown in Figure 6.2. The system combines 

biological oxidation and physical stripping processes in a single reactor. The reactor was a 

cylindrical packed bed reactor with a packed height of 120 cm and working volume of 2.3 

L. The reactor column consisted of a string with 23 packed carriers consisting of a plastic 

frame equipped with a polyurethane sponge connected in series, and the initial volume of 

each packed carrier was 18.5 cm3. The sponge packed initially was soaked in a diluted 

aerobic sludge (1:1) obtained from a wastewater treatment plant treating municipal sewage 

intended for reactor inoculation.  

A synthetic biogas purification effluent containing a mineral medium and the 

dissolved components of CH4, CO2, and H2S was fed from the top; it flowed down onto the 

sponges and was finally discharged through the bottom. The composition of the mineral 

medium added in 1 L of the synthetic biogas purification effluent was as follows: 0.001 g 

KH2PO4, 0.001 g K2HPO4, and 0.0005 g NH4CL. The alkalinity was set to 0.62 mmol L-1 

by adding of 0.06 g L-1 NaHCO3. The dissolved components of CH4 and CO2 were 

prepared by purging the synthetic purification effluent with a gas mixture comprising of 

CH4 gas (60% [v/v]) and CO2 (40% [v/v]) until the concentration of CH4 and CO2 in the 

gas and liquid phases reached equilibrium.  
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Figure 6.2: Experimental setup for scrubbing effluent treatment. 
 

6.2.2    Operational conditions 

First, biological oxidation experiments with CH4 and H2S were performed under hydraulic 

retention times (HRTs) of 2, 1.33, and 0.67 h by adjusting the volumetric flow rate of the 

influent liquid (QL) for phases 1 to 3 (Figure 6.3). During this experiment, a constant 

airflow rate (Q’air) of 2.02 L dy-1 was used at the top of the reactor column. Next, in phases 

4 to 6, with additional airflow at a supply rate of Q’’air from the bottom of the reactor, the 

experiment was continued by simultaneously conducting biological oxidation and physical 

stripping of CO2. Following this experimental study, a mathematical simulation model of 

the process was developed and validated using the gathered experimental data. The 

simulation was developed to determine the effects of Q’air and Q’’air on CH4 removal and 

pH recovery, respectively.  

 

6.2.3    Sampling and analyses 

Gases in the influent and off gas were stored and collected in a gasbag (Smart Bag PA, GL 

SCIENCE/CEK 3008-97720) and the CH4, CO2, O2, and N2 concentrations were measured 

using a gas chromatograph equipped with a thermal conductivity detector (GC-TCD, 

Shimadzu GC-8A). Kitagawa detector tubes (Tube Nos. 120SM, 120SB, and 120SH) were 

used to measure the H2S concentration in the off gas. The effluent pH was measured using 

a pH meter. Sulfate (SO4
2-) concentration was analyzed using an HACH water quality 

analyzer (HACH DR4000). For measuring dissolved CH4 (CH4 (aq)) in the influent and 
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effluent, the headspace measurement technique described by Hatamoto et al. (2010) was 

applied with Henry’s Law and the Bunsen coefficient to calculate the concentration.  The 

concentration of dissolved CO2 (CO2 (aq)) was measured using a Shimadzu TOC-VCSH 

analyzer with an ASI-V autosampler.  

 

6.2.4   Calculations 

The loading and removal rates of CH4 in terms of the gas mass per sponge volume (Vsponge) 

per unit time were calculated using equations (6.1) & (6.2).  and  are the mass 

concentrations of the components in the gas and liquid phases, respectively, whereas  is 

the flow rate in the gas (G) and liquid (L) phases, measured at the input and output sides. 

CH4 loading rate =                    (6.1) 

CH4 removal rate =                  (6.2) 

The removal efficiency for CH4 is defined as follows: 

CH4 (%) =                                             (6.3) 

In this study, we did not measure the dissolved H2S (H2S (aq)) concentration in the 

effluent; only the off-gas H2S and SO4
2- concentrations were considered. Therefore, the 

efficiency of H2S removal was determined according to the amount H2S oxidized to SO4
2- 

as  follows: 

Efficiency of H2S oxidation to SO4
2 (%) =            (6.4)               

 

6.2.5 DNA Sequencing 

Microbial DNA sequencing was performed for the squeezed suspended sludge collected 

from six different locations along the reactor after 79 days of operation. The sludge 

samples (SS) were stored in 2-mL centrifuge tubes with a 50:50 (V/V) ratio of SS/glycerol 

and stored at -20°C until sequencing. DNA was isolated and extracted using the Fast DNA 

spin kit for soil (MP Biomedicals, Irvine, CA), as described in the manufacturer’s 

instructions. The extracted DNA was used for amplification of bacterial 16S rRNA gene 

fragments with primer pairs of 341F-805R. 16S rRNA gene sequences at ≥ 97% similarity 

were grouped into the same phylogenetic clone type. The PCR products were purified 
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using an Agencourt AMPure XP (Beckman Coulter, Brea, CA, USA) according to the 

manufacturer’s protocols. PCR products were confirmed using a 1% (W/V) agarose gel and 

Qubit dsDNA Assay Kit (Thermo Fisher Scientific). Purified DNA was sequenced using a 

Miseq platform with a Miseq Reagent Kit v3 (Illumina Inc., San Diego, CA, USA).  

 

Figure 6.3: Operational conditions of biological oxidation and physical stripping 
performances. Time course of the (a) influent and effluent concentration of CH4 (aq) (b) 
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off-gas concentration of CH4, H2S and O2 (c) CH4 loading and removal rates (d) efficiency 
of CH4 removal and H2S oxidation to SO4

2- (e) H2S (aq) and SO4
2- concentration (f) effluent 

pH. 
 
 
6.3 Model development 

A mathematical model was developed based on the mass transfer of CH4, H2S, CO2, O2, 

and N2 gas components in the three different phases (gas, liquid, and biofilm) with a 

biological reaction in the biofilm, as shown discussed in details in Chapter 3. In the system, 

the dissolved gas and air components were transferred by the absorption of liquid and 

cocurrent (at the top of the reactor) and countercurrent (at the bottom of the reactor) gas 

flow into the packed material. The dissolved CH4, H2S, and O2 were finally utilized in the 

microbial oxidation that occurred at the top of the reactor. Further, the dissolved CO2 from 

the supplied and produced gas during the biological process was removed from the system 

in the stripping process at the bottom of the reactor. 

 

6.4 Results 

6.4.1 System performance 

The experiments were conducted in six different phases considering the influence of HRT 

and airflow rates (Q’air and Q’’air) on the system performance, as illustrated in Figure 6.3. 

At the beginning of the experiment (Phase 1), biological oxidation of CH4 and H2S was 

performed at a Q’air of 2.02 L d-1 (air supply at the top) without the stripping process (air 

supply from the bottom, Q’’air). A synthetic biogas purification effluent with pH 5.64 was 

supplied at a QL of 5.04 L d-1 and an HRT of 2 h. Under this operational condition, CH4 

(aq) and H2S (aq) were initially fed at concentrations of 6.95 mg L-1 and 12.2 mgS L-1, 

respectively (Figures 6.3a & 6.3c). It was observed that the CH4 (aq) concentration was 

reduced to 0.003 mg L-1 in the effluent with the O2 concentration in the off gas measured at 

18%, indicating an O2 consumption of 3% for the biological oxidation process (Figures 

6.3a & 6.3b). In this study, owing to some technical difficulties, the H2S (aq) concentration 

in the effluent could not be measured. However, the H2S (aq) removal performance was 

determined through the measurement of the H2S gas concentration in the off gas and during 

SO4
2- formation. A CH4 concentration of 0.54% with an almost undetectable H2S gas level 

was observed in the off gas (Figures 6.3e). The off-gas H2S reading suggested that the H2S 

(aq) concentration in the effluent was negligible. The formation of SO4
2- from the oxidation 

of H2S (aq) was achieved at 21.5%; thus, it was apparent that the H2S was not completely 
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oxidized and precipitation of sulfur (So) or thiosulfate (S2O3
2-) could possibly occur in the 

system (Figure 6.3d). Meanwhile, a CH4 removal efficiency of only 77.2% was achieved 

at a CH4 removal rate of 64.7 mg L-1 d-1 (Figures 6.3f & 6.3b).  

However, after four days of operation, the influent CH4 (aq) concentration suddenly 

increased. This was because of a problem that occurred during CH4 (aq) preparation. 

Despite this, the off-gas CH4 concentration decreased to 0.49%, while the O2 consumption 

and CH4 removal efficiency increased to 4% and 81.7%, respectively. Throughout this 

period, off-gas H2S concentration and the efficiency of H2S oxidation to SO4
2- were almost 

unchanged. In the following days, the influent CH4 (aq) concentration reduced slightly and 

then increased with concentrations between 5.05 to 10.9 mg L-1, but the off-gas CH4 

concentrations continuously decreased until stable readings of 0.08% were observed with 

an O2 consumption of 7.50%.  

 It was notable that within two weeks of operation, no off-gas H2S was detected, and 

a CH4 removal efficiency greater than 95% was successfully achieved from day 8 onward, 

even though complete oxidation of H2S was not achieved. Moreover, at the end of phase 1, 

a CH4 removal rate of 112 mg L-1 d-1 was achieved at a CH4 (aq) loading rate of 116 mg L-1 

d-1.  

 In phase 2, again under a Q’air of 2.02 L d-1, biological oxidation was performed 

without the stripping process at a higher CH4 loading rate based on the sponge volume with 

a QL of 7.56 L d-1 and an HRT of 1.33 h. During this phase, the influent CH4 (aq) was 

gradually fed at a concentration of 7.69 to 11.1 mg L-1 with no change in the H2S (aq) 

influent concentration as in phase 1. The respective CH4 (aq) effluent concentrations 

measured on days 19, 29, and 32 of operation were in a similar range (0.003 to 0.0035 mg 

L-1). Meanwhile, the O2 concentrations in the off gas gradually decreased as more O2 was 

consumed for oxidation purposes. The off-gas CH4 concentration increased to greater than 

0.3% on day 19 and remained constant afterward. Regarding the performance in terms of 

H2S (aq) removal, surprisingly, it was very close to that obtained in phase 1, except that the 

formation of elemental sulfur (So) was observed on day 32 in the form of white stringy 

bacterial filaments on the sponge carrier, as shown in Figure 6.4. Although a higher CH4 

loading was supplied, after 18 days of operation, a CH4 removal efficiency of up to 94% 

and CH4 removal rate of 188 mg L-1 d-1 were achieved in phase 2. 

 The CH4 loading rate was further increased in phase 3, and trends practically 

identical to phase 2 in terms of biological oxidation performances were observed.  

However, the CH4 removal efficiency was seen to decline steadily to below 90% thereafter; 
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although a higher O2 uptake was observed, the off-gas CH4 concentration measured was 

greater than 1%. This suggests that a higher CH4 loading rate induces higher gasification of 

CH4. In these conditions, the maximum CH4 removal rate of 356 mg L-1 d-1 was achieved at 

loading rates of 400 mg L-1 d-1.  

 

 
Figure 6.4 Sulfur precipitation on the frame sponge carrier 

 

According to the experimental results obtained in phases 1 to 3, the proposed biological 

oxidation process of CH4 and H2S shows high potential for minimizing the release of CH4 

and H2S into the atmosphere. Nevertheless, as can be seen from Figure 4.3f, the effluent 

pH after the biological treatment in phases 1, 2 and 3 was only 5.9–6.8. Therefore, 

correcting the effluent pH to 8 (utilized in the water scrubbing process) appears to be 

necessary for water regeneration. In the subsequent phases (phases 4 to 6), biological 

oxidation integrated with physical stripping was performed through additional airflow 

supply from the bottom (Q’’air).  

 The operational conditions of phase 2 were used in phase 4 with a Q''air of 2.02 L-1 

d-1. The same conditions as those used in phase 2 were chosen owing to the high effluent 

pH compared to the other phases. Although the stripping process was performed 

concurrently in the reactor, interestingly, the performances during the biological oxidation 

of CH4 and H2S observed were almost identical with those of phase 2, thus indicating that 

the Q''air did not affect the performance of the reactor during biological oxidation. Still, the 

effluent pH was only recovered up to pH 6.9 after the 13th day of operation. 

 Further analysis on the effect of Q''air on biological oxidation was carried out in 

phase 5 at a much lower CH4 loading rate than in phase 1. As expected, a similar trend for 

biological oxidation performance was observed, and on day 71 of operation, a CH4 removal 

rate of 112 mg L-1 d-1 was measured for a CH4 loading of 132 mg L-1 d-1. However, in 
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comparison with the performance during phase 1, the off-gas methane concentration 

increased to 0.15%. This suggests that the movement of air in the liquid induced turbulence 

during mixing with the biological oxidation effluent and coincidently forced the CH4 gas to 

escape. The effluent pH showed a small increase to 6.6, thus illustrating that the Q’’air was 

not enough to recover the effluent pH to 8. 

 In phase 6, the Q''air  was further increased to 30.2 L-1 d-1.  After four days of 

operation, the effluent pH was increased to pH 7, thus apparently indicating that the pH 

could be increased by increasing the Q''air. The CH4 removal efficiency was reduced to 

83.9%, and this reduction occurred owing to high off-gas CH4 detection. The excessive 

airflow supplied caused the dilution of the gas to an almost undetectable level. However, 

during this study, this did not happen, and we attributed this to instrument problems 

because the gas analyzer used can only detect concentrations only to a certain level. 

Nevertheless, the other performance parameters remained practically unchanged.  

Therefore, under appropriate control of the HRT and airflow rate, the proposed integrated 

system can not only treat the CH4 (aq) and H2S (aq) but also concurrently recover the 

effluent pH. However, to achieve the optimal performance during stripping and biological 

oxidation, specifically for CH4, the most effective airflow rates (Q''air and Q'air) need to be 

determined.  

 

6.4.2 Effect of operational conditions 

6.4.2.1 Hydraulic retention time (HRT) 

The HRT of the proposed system was one of the most important operation parameters 

affecting the system performance. The HRT affected the amount of off-gas CH4 released 

from the reactor to the atmosphere. During the study, the HRT was shortened from 2 h to 

0.67 h during phases 1 to 3 with a subsequent increase in QL from 5.04 to 15.1 L d-1. As 

shown in Figure 6.5, a high off-gas CH4 emission rate of approximately 39.6 mg L-1 d-1 

was achieved with an HRT of 0.67 h, whereas a lower off-gas CH4 emission rate of 7.89 

mg L-1 d-1 was obtained for an HRT of 2 h. At short HRTs, the strong hydraulic pressure 

could trigger biomass washout and led to reactor failure (Pan et al., 2004). In this regard, it 

must be noted that a proper HRT should be judiciously selected to optimize the 

performance of the biological process; thus, CH4 emission to the atmosphere could be 

inhibited. 

 

 



INNOVATIVE WATER SCRUBBER PACKED WITH SPONGE CARRIERS FOR BIOGAS PURIFICATION  
 

93 
 

6.4.2.2 Effect of upper airflow rate (Q’air) on O2 consumption of biological process 

Biological oxidation of CH4 and H2S was performed at a constant airflow rate of 2.02 L d-1, 

supplied from the upper side of the reactor. With an increase in the influent liquid flow rate 

during this fixed O2 condition, progressive performances were recorded for CH4 and H2S 

removal; the O2 consumption rate during CH4 and H2S oxidation correspondingly increased 

from phases 1 to 3. Using the theoretical oxygen demands of 4 g-O2 g-CH4
-1 and 1.5 g-O2 

g-S-1 from the CH4 removal rate and SO4
2- production rate, respectively, the O2 

consumption rates were calculated based on the sponge volume and are presented in Figure 

6.6. The experimental O2 consumption rate was measured by distinguishing the O2 

concentration in the supply (at a constant supply of 21% O2 cons.) from the off-gas O2 

concentration measured, as shown in Figure 6.3b. It is evident that the actual amount of O2 

consumed for both the oxidation processes is almost identical with the theoretically 

calculated O2 consumption rate (Figure 6.6). 

 

 
Figure 6.5 Effect of HRT on average off gas CH4 emission rate 

 

 
Figure 6.6 Scatter plot of O2 consumption as determined by experimental (measured) and 
theoretical (calculated) method.     
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These results prove that the bacterial activities during biological oxidation in the system 

were highly effective in consuming the supplied O2. The presence of O2 was a significant 

factor influencing biological oxidation. Adequate O2 supply proportional to the amount of 

CH4 (aq) in the influent is necessary for achieving high CH4 oxidation performance 

(Hatamoto et al., 2010). In this study, the maximum O2 consumption rate corresponded to 

76.2% of the supplied O2 measured in phase 3; this could be the limit of O2 uptake for the 

biological oxidation process in the proposed system.  

 

6.4.2.3 Influence of bottom airflow rate (Q’’air) on effluent pH 

The effect that Q’’air values of 2.02 and 30.2 L d-1 had on the effluent pH was tested during 

phases 4 to 6 for two influent QL values (5.04 and 7.56 L d-1). A slight effect on effluent pH 

was detected when a Q’’air of 2.02 L d-1 was applied for both QL values. At a QL of 5.04 L 

d-1, the effluent pH increased from 5.64 to 7 when a minimum Q’’air of 30.2 L d-1 was 

applied. This suggests that the recovery of the effluent pH corresponds to the amount of air 

supplied.  

 

6.4.3 Simulation performance 

6.4.3.1 Determination of Q’air for high performance of biological process  

Due to insufficient data, we investigate the effect of O2 based on air supply rate during the 

biological oxidation using a mathematical model. The model used is a modified simulation 

model from our previous study (Noorain et al., 2018). By using the information gathered 

from the last study, we managed to determine the overall mass transfer coefficient for 

different liquid flowrates (data not shown) and the relation of Q’air on CH4 performance are 

depicted in Figure 6.7. In the simulation, the potential removal rate of CH4 and H2S of 0.02 

mol L-1 d-1 and 0.0008 mol L-1 d-1 were assumed according to data gathered in experimental 

study.  The maximum CH4 removal efficiency of 98.7, 95.4 and 77.6 % could be achieved 

with airflow rate of 0.10, 0.33 and 2.01 L d-1 for liquid flowrate of 5.04, 7.56 and 50.4 L d-

1, respectively. Surprisingly, it was found that further increase of Q’air only caused a small 

change in CH4 removal efficiency and too low of Q’air however, might contributed to 

reduce the CH4 removal efficiency for both measured conditions. In order to check the 

validity of the simulation, the simulated performance was compared with the experimental 

data. As shown in Figure 6.7, the simulated data were in agreement with the measured 

values. This indicated that the constructed model is acceptable to simulating the oxidation 

process performance. Further, the agreement could also be illustrated from the data plotted 
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in Figure 6.8, which elucidated about the off gas CH4 concentration. Note that, minimum 

off gas CH4 concentration of 0.02, 0.06 and 1.55 % could be achieved with Q’air of 12.1 L 

d-1 for QL of 5.04, 7.56 and 50.4 L d-1, respectively. Therefore, by the experimental and 

simulation results performance indicated that the emission of CH4 to the atmosphere can be 

successfully minimize or prohibited by using the proposed operational methods under 

suitable Q’air. 

 
Figure 6.7: Influence of the Q’air on the removal efficiencies of CH4 gas for QL  of 5.04, 
7.56 and 50.4 L d-1, respectively. The lines and shapes correspond to simulation and 
experimental data.     

 

  

Figure 6.8: Relationship of the Q’air supply of biological process with off-gas CH4 
concentration at QL of 5.04, 7.56 and 50.4 L d-1, respectively. The lines and shapes 
correspond to simulation and experimental data.    
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6.4.3.2 Determination of Q’’air for effluent pH recovery 

As mentioned earlier, the amount of air supplied affects  pH recovery, and a high amount of 

air is needed for good performance. However, owing to some technical problems, we were 

unable to conduct the experiment at high values of Q’’air. Therefore, to obtain the desired 

solution, we used our developed mathematical model to investigate the effect of Q’’air on 

the effluent pH. The effluent pH could be recovered up to 7.3 with a minimum Q’’air of 50 

L d-1 (Figure 6.9). Interestingly, further increasing the Q’’air  did not have any effect on the 

effluent pH. This means H+ and OH- ions were in equilibrium, and the effluent solution 

reached its saturation level. From this investigation, it can be concluded that the proposed 

gas stripping method could recover the effluent pH from 5.64 to 7.3, and the stripping 

process did not significantly affect the biological process, which operated concurrently. 

Therefore, the results presented in this study demonstrated that dissolved CH4, H2S, and 

CO2 could be simultaneously removed through a combined process involving biological 

and physical treatments.  

 
Figure 6.9: Influence of the Q’’air on the effluent pH recovery at constant QL value of 5.04 
L d-1. The lines and shapes correspond to simulation and experimental data, respectively.     
 

6.4.4 Microbial analysis 

Experimental results of biological oxidation process suggest that methane oxidation and 

sulfide oxidation processes coexist; however, there is no clear proof regarding this. To 

reveal whether the representative bacterial communities related to these processes were 

present, I constructed bacterial 16SrRNA gene clone libraries using DNA that was 

extracted from suspended sludge samples taken on day 79 (phase 6). The samples were 

taken at six different locations along the reactor height (H) and their phylogenetic 

affiliations are shown in Figure 6.10. The study found that the samples collected from all 
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locations showed the presence of the bacteria, except for the sample from location H6, in 

which bacterial DNA was untraceable (Figure 6.10a).  As expected, the result matched 

with the experimental findings from the physical treatment of CO2 (aq) via gas stripping, 

which occurred at a location approximately corresponding to location H6. The four major 

phyla identified in all the inoculum samples were Proteobacteria, Bacteroidetes, 

Verrucomicrobia, and Firmicutes (Figure 6.10a). This finding agrees with those reported 

in the study by Dupnock and Deshusses (2017) that involved sequenced samples taken 

from biogas reactors. Moreover, most of the inoculum samples taken in this study were 

dominated by Proteobacteria as this is the major phylum of gram-negative bacteria that 

also includes methanotrophs and heterotrophs.  

  The proportions of methane oxidizing bacteria (MOB) and sulfide oxidizing 

bacteria (SOB) at every location are described in Figure 6.10b. There is only a small 

difference in the growth percentage of MOB at locations along the reactor height; a 

maximum of 34.76% was recorded at position H5, which is above the air inlet. However, a 

maximum of 1.39% SOB was detected at H4, which is near the off-gas position. This 

indicates that owing to few SOB near the air inlet (position H1), complete oxidation of 

sulfide could be difficult, thus causing the partial oxidation of sulfide to sulfur or 

thiosulfate to occur. The most abundant genus of MOB and SOB is shown in Figure 6.11. 

The clone libraries from locations H1 to H3 of the inoculum indicate Hyphomicrobium as 

the dominant species of SOB (Figure 6.11a). Within the five locations (H1–H5), other 

species detected in SOB were Acidithiobacillus, Rhodobacter, Xanthobacter, Thiomonas, 

Thiobacillus, Paracocccus, and other Gammaproteobacteria.  Further, the methanotrophs 

detected were Methylobacter, Methylococcus, Methylomonas, Methylocystis, 

Methylocaldum, Methylomicrobium, Methylosarcina, and Methylophilus. The population of 

MOB gradually changed from the top to the bottom of the reactor column, showing an 

obvious alteration of Methylobacter, Methylocaldum, and Methylomicrobium, respectively 

(Figure 6.11b). At the top of the reactor (H1–H3), the MOB population was dominated by 

Methylobacter and that at the bottom (H4–H5), was mostly composed of Methylocaldum 

and Methylomicrobium. This indicates that the methanotrophs actively involved in the 

oxidation of dissolved CH4 detected in the effluent from biological oxidation were type 1 

methanotrophs. 
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6.5 Discussion 

6.5.1    Reducing greenhouse gas emissions  

In this study, the biological oxidation process for inhibiting the emission of CH4 and H2S 

gases from the effluent of biogas purification were carried out. Liu et al. (2014) reported 

that approximately 0.10 to 5% of CH4 gas was generally released from a sewer. My study, 

successfully proved that the emission of CH4 from the effluent could be reduced. It was 

found that a minimum CH4 gas concentration of 0.04% of with almost no trace of H2S gas 

was detected in the off gas when the system was operated at a Q’air of 2.02 L d-1, an HRT of 

2 h, and a QL of 5.04 L d-1, leading to a 98% CH4 removal efficiency. Furthermore, it 

should also be noted that in our system, although physical stripping of CO2 was conducted 

simultaneously in the reactor, the biological oxidation performance was maintained.  

However, using the developed mathematical model, an interesting phenomenon 

involving a slight deterioration in the CH4 removal efficiency was observed after reaching 

the maximum value, and a similar trend was observed when a different QL was employed 

(Figure 6.7). The overall mass transfer coefficient (KLa) in between the liquid and gas 

phases of the system was generally influenced by the QL, and an increase in QL caused an 

increase in the mass transfer for the degasification and absorption processes to occur 

(Noorain et al., 2018). Furthermore, Matsunaga et al. (2012) reported that a higher liquid 

velocity led to a greater transfer of CH4 (aq) to the reactor headspace and CH4 (aq) 

concentrations nearer to thermodynamic equilibrium. During my study, an excessive 

supply of Q’air appeared to promote the degassing process in the reactor. However, even at 

a high QL, the rate of degasification was below the biological oxidation process rate after 

achieving the maximum CH4 removal efficiency. This indicated that the CH4 mass transfer 

rate from the liquid to the gas phase was smaller than CH4 transfer rate from the gas to the 

liquid phase and subsequently increased the availability of the CH4 substrate for the 

biological process. At an extremely low Q’air, a high off-gas CH4 concentration was found 

(Figure 6.8), indicating that the performance efficiency of the biological oxidation process 

had reduced and more effusion of CH4 to the gas phase had occurred owing to the higher 

liquid velocity (Pauss et al., 1990). Therefore, setting an appropriate Q’air is extremely 

important in the biological treatment of dissolved gases, especially CH4, to reduce 

greenhouse gas emissions, whilst ensuring high biological oxidation performance.  
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6.5.2  Potential for effluent pH recovery 

The feasibility of stripping CO2 (aq) from the biogas purification effluent to raise the pH 

was investigated and mathematically modeled at various bottom airflow rates ranging from 

2.02 to 146 L d-1, respectively. The results show that with a minimum airflow rate of 50 L 

d-1 , the pH increased from 5.64 up to a maximum of 7.3 and remained constant afterward 

(Figure 6.9). The performance of CO2 stripping was dependent on several factors such as 

the characteristics of the influent, including the total alkalinity, temperature, initial CO2 

(aq) concentration, influent flow rate, and aeration rate (Fattah et al., 2008). This indicated 

that pH elevation using the stripping method in this study has its own limitations and that 

the final pH is largely dependent on the buffering capacity of the liquid solution (Cohen 

and Kirchmann, 2004). A similar study reported that an increase in the air supply rate had a 

very limited positive influence on the CO2 stripping efficiency (Fattah et al., 2008). The 

buffering capacity in this study was represented by the total alkalinity and a value of 0.62 

mmol L-1 was set as the initial concentration. In this study, it was observed that the pH was 

difficult to be raised. It is expected that owing to the precipitation of HS-, So, and SO4
2- ions 

from the oxidation of H2S (aq), the liquid solution easily becomes saturated and more 

acidic rather than alkaline, with the pH decreasing. Therefore, to attain high efficiency in 

terms of pH recovery, the sponge carriers should be cleaned or changed regularly. 

Otherwise, some additional fresh water is needed to recover the pH from 7.3 to 8 before 

utilizing this water as purification water in water scrubbing.  

 

6.5.3   SOB and MOB community analysis 

The microbial community structures of dissolved CH4 and H2S in the biogas purification 

effluent at a pH of 5.64 was analyzed using DNA extraction. Microbial analysis results 

indicated that the SOB and MOB were dominated by Hyphomicrobium and the type 1 

methanotroph of Methylobacter and Methylocaldum, respectively. Generally, the amount of 

O2 supplied can affect the bacterial community compositions (Namgung and Song, 2015). 

During the experiment, the bacterial community was continuously exposed to a relatively 

high O2 supply rate ranging from 2.02 to 30.2 L d-1. This condition creates a favorable 

environment for type I methanotrophs and could lead to the dominance of Methylobacter 

and Methylocaldum in the bacterial community (Strong and Clarke, 2015). A similar 

finding was reported by Hatamato et al. (2010), who investigated the removal of CH4 (aq) 

in anaerobic wastewater effluent with pH 7 using a closed DHS reactor. This study showed 

that the species of methanotrophs that contributed highly to the oxidation of CH4 (aq) either 
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in the effluent from the post-treatment process or in the anaerobic or biogas purification 

effluent was similar; an influent pH of 5.64 did not affect the growth of type 1 

methanotrophs. Next, during a high rate of air supply, the H2S was slightly degraded to 

SO4
2- and the SOB strain was dominated by Hyphomicrobium. Zhang et al. (1991), 

reported that Hyphomicrobium was capable of removing H2S. Moreover, according to 

Mohapatra et al. (2008), the genera of Hyphomicrobium is known for its oxidation of H2S 

to elemental sulfur. Thus, a very high rate of air supply at a pH of 5.64 could foster the 

growth of sulfate-oxidizing communities. However, the oxidization of So to SO4
2- occurred 

at a much lower rate and could eventually affect the efficiency of H2S removal. The study 

revealed that an excessively high rate of air supply not only affected the type 1 

methanotroph communities but also affected the sulfate-oxidizing communities.  

 

6.6 Conclusion 

The newly developed post-treatment process for biogas purification effluent using an 

integrated process of biological oxidation and physical stripping in a single reactor is 

capable of removing 98% of CH4 (aq) with 0.04% off-gas CH4 captured. Under a minimum 

bottom airflow rate of 50 L d-1, the effluent pH could be raised to 7.3. The HRT and airflow 

rate played a crucial role in governing the performance of the biological oxidation and 

physical stripping processes.  A mathematical simulation model of the biological oxidation 

process elucidated that a slight deterioration in the CH4 removal performance occurred 

during a high Q’air owing to the effect of gasification. Increasing Q’’air during the process 

only had a limited positive influence on the CO2 stripping efficiency. Overall, this study 

provides a detailed analysis of the biological–physical treatment of dissolved gasses aimed 

at reducing greenhouse gas emissions with a high possibility for water regeneration.  
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7.1 Conclusion 

The experimental outcomes and conclusions drawback from this study are briefly described 

as follows: 

 

7.1.1 Biogas purification performance of new water scrubber packed with sponge 

carrier  

In Chapter 4 the potential of a new water scrubber packed with sponge carrier for biogas 

purification was investigated under atmospheric condition and a mathematical model to 

describe the purification phenomena was constructed. During the study successful 

purification performance was demonstrated and a maximum average of 90-93% of output 

methane gas with untraceable output H2S gas concentration were produced. Practically no 

influence of input H2S concentration, HRT and pH (7 to 8) were observed whereas changed 

in temperature and QL/QG showing fluctuation of CH4 contents. Through the develop 

simulation, the methods found an interesting finding that proper control of QL/QG is 

necessary in producing high methane concentration. Under high temperature condition, by 

using high scrubber column low QL/QG is enough to produce more than 90% of output 

methane.  However, imposing with too low of QL/QG ratio condition, high purification 

performance is impossible to achieve although a very high column is installed. Here, the 

approaching method by installing framed sponge with proper controlled of QL/QG ratio 

compensated for the lack of pressurizing equipment under specified conditions.  

 

7.1.2 Biological desulfurization of high H2S from biogas  

In Chapter 5 the biological treatment of high H2S concentration ranging from 0.05-0.2% 

from biogas was showing a good performance with almost undetectable of output H2S gas.  

Three parameters (initial H2S concentration, QL/QG and O2/H2S ratios) were observed 

during the study. The efficiency of H2S biological oxidation to SO4
2- not only rely on the 

amount of O2 supply but also depending on H2S loaded concentration. Where, when high 

concentration of H2S is supplied more than 0.1%, a minimum 2% of O2 supply is required 

to achieve more than 90% of H2S removal efficiency. In comparison between the physical 

treatment and biological treatment performance it be observed that the physical treatment 

was capable to treat the H2S gas as performed by biological treatment. This indicated that 

from the develop system the physical treatment is enough to give high purified CH4 
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generation, which mean the operational time can be reduce compared to biological 

treatment.  

 

7.1.3 Integrated biological-physical process for biogas purification effluent 

treatment 

In Chapter 6 a new post treatment method for the biogas purification effluent that is able 

to simultaneously remove the dissolved methane, hydrogen sulphide and carbon dioxide by 

biological oxidation and physical stripping process in a single reactor. A mathematical 

model was constructed, and simulations were conducted to explain on the effect of airflow 

rate supply on the biological and physical stripping process for high performance. The 

result demonstrated high performance with up to 98% of CH4 was removed and effluent pH 

was successfully raised from 5.64 to 7.3. It was found that although physical stripping of 

carbon dioxide gas was conducted simultaneously in the reactor, the biological 

performance was maintained. This indicated that the integration of biological and physical 

process in a reactor is not only feasible but also providing with high treatment performance 

in removing dissolved gasses and regenerating the effluent water.  

 

7.2 Applications 

Considerable attention has been given to the issue of biogas limitations as a transport 

vehicle fuel due to lower calorific value of CH4 produce, thus resulting to the tardy 

expansion of biofuel production far from clear. High pressure water scrubbing technology 

are in common use today, but the application of the technology is mostly focused on large 

scale biogas production sites (Abatzoglou and Boivin, 2009). Due to the installation of 

pressurize equipment coupled with the effluent treatment system, the energy and 

maintenance cost for the whole system become higher (Kapoor et al., 2017). The 

availability of high purified methane by water scrubbing under low pressure case has 

remained the question. To the best of my knowledge, nobody has ever succeeded in 

generating (>90 % (v/v)) of purified methane at any temperatures and column heights 

under low pressure conditions. In this research a novel approach for the said problems is 

proposed.  The technology proposed is applicable for all industry scales and it function not 

only limit to enhance the biogas performance but also could be used as bad odor treatment 

system. Furthermore, the installation of biogas effluent treatment system to the water 

scrubbing gives a value added such as preventing greenhouse gas emission and reducing 
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the water usage. With more than 90% of output methane generation the technology is 

suitable to be applied for energy production in transportation and gas grid injection.  

 

7.3 Future work recommendations 

The implementation of low-pressure water scrubbing packed with sponge carrier on full-

scale is the next, for the culmination of the research presented in this thesis. The findings 

obtained on laboratory scale must be tested on a larger scale.   The sponge packed water 

scrubber couple with is a promising technology for biogas treatment. A preliminary 

assessment in this study highlights that this novel system can fulfil all the desirable 

characteristics of an biogas upgrading reactors for contaminant removal from gas and liquid 

phase: simple configuration, no clogging problems, low oxygen demand, high capability to 

transform sulphide into sulfate, easy recovery of the generated elemental Sulphur, reduce 

water need, and robustness to fluctuations in operational conditions. Nonetheless, its design 

and operating conditions must be still optimised in order to evaluate its maximum removal 

capacity and the optimum criteria for scale-up. Obviously, although the effluent Ph in this 

study is capable to be increased to 7.3, however Ph 8 is required for high water scrubbing 

performance. For this purpose, strategic air flow adjustment for physical stripping of 

carbon dioxide still needs to be determined for future work. 
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