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Abstract: This article discusses the dependence of biogas com-
position on organic feed material. High amounts of CO2 decrease
the calorific value of biogas. Several technologies are reviewed
which can be used to increase the calorific value. Special empha-
sis is laid on ionic liquids as a new absorbing material. ILs have
a number of advantages due to their unique properties such as:
low melting point, high thermal conductivity, no flammability,
high decomposition temperature and low volatility. It has been
proven that ionic liquids are compounds which act selectively,
forming a stable liquid membrane. Furthermore, the structure
of ILs can be modified in order to improve their CO2 absorption
capacity by physical interaction and even by chemisorption.

1. Introduction

Rapid development of many industries in the last century caused an intensification
in the search for new chemical compounds which may satisfy both technological and
ecological expectations. Ionic liquids (IL) are one group of such compounds, which
can be applied in different industrial fields. The first reports on the synthesis of
ethylammonium nitrate, which is a low-temperature ionic liquid, appeared in 1914.
But intensive research had not begun before 1982, when Willes and Hussey discovered
a stable ionic liquid with the imidazolium cation. Due to high stability and low
volatility of ionic liquids, they can be used not only as a reaction medium, but also
as a homogeneous catalyst (Hallett and Welton, 2011).

Intensive research was conducted on ionic liquids and using them in gas purifica-
tion technology, because of rising environmental requirements of the last decade. The
main objective is to reduce emissions of CO2, which is regarded as one of the main
greenhouse gases. The CO2 emission increased by about 45% between 1990 and 2000.
According to the report of the Joint Research Centre of the European Commission
the emission reached a record level of 33 billion Mg (Moya et al., 2010). The increase
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in CO2 concentration in the air is mainly caused by fossil fuel combustion and also
by metallurgical processes, ammonia synthesis, cement production and traffic. Euro-
pean Union is committed to the development of Carbon Capture and Storage (CCS)
technology for exhausted gas deposition. Reducing the costs of CCS can be obtained
by lowering the cost of gas separation, e.g. by absorption in ionic liquids. The liquid
is regenerated at elevated temperature under atmospheric pressure. Moreover, ILs
can be used repeatedly without losing their properties.

EU Directive 2009/28/EC which obliges Poland to obtain 15% of energy from
renewable sources in the total consumption in 2020, has become an opportunity for
the development of the biogas sector in Poland (Pinto, 2009).

Biogas is mainly derived from the organic fraction of agricultural or municipal
waste. Although Poland possesses a large potential for biogas production only a
few plants were built. This is due to the existence of economic and legal obstacles.
Polish government prefers to grant oversized biogas plants, which have the power of
2 MW and are located far away from biomass sources and urban settlements, which
additionally excludes the use of excess heat.

Additionally, biogas becomes an effective renewable energy source only after the
removal of CO2, which reduces its calorific value. Chemisorption in amine water
solutions is mainly applied for the separation of CO2. Although amines exhibit several
disadvantages, they are widely utilized. Firstly, a large amount of heat is required
during amine regeneration due to high absorption heat. Furthermore, amines are
characterized by high volatility, ecotoxicity and low biodegradability (Ruud et al.,
2011). Besides, pressure swing adsorption (PSA) and wet scrubbers are often applied
in biogas purification, too. Until now, many methods have been developed for CO2
separation, but it should be noted that most of them are not applied on an industrial
scale. The most important reasons for this situation is the lack of CO2 utilization,
the installation size and long reaction time.

Recently membrane methods have been introduced in the CO2 separation pro-
cesses adapting the requirements of natural environment protection. Better separa-
tion efficiency can be achieved using liquid membranes, in particular, supported liquid
membranes. Such membranes have about three times higher gas diffusion coefficient
and higher gas permeability compared to solid polymeric membranes.

The limitation that prevents the use of such membranes in industry is their low
stability due to the evaporation of the liquid phase and the removal of the liquid
from the pores of the carrier by the pressure difference. Only the use of ionic liq-
uids as the liquid phase, guarantees much more stable and efficient supported liquid
membranes. There are ongoing studies on their practical application in periodically
working membrane modules. Transferring this technology to the pilot phase requires
solving problems related to the performance of the separation process and the stable
continuous operation of the supported liquid membranes.

2. Biogas synthesis

Biogas is composed of methane, carbon dioxide, hydrogen sulfide, oxygen, nitrogen,
water, volatile organic compounds and other trace gases. It is produced by anaerobic
fermentation using appropriate types of bacteria. Substrates of this process are: waste
from agricultural production (e.g. animal manure, crop waste), waste from the food
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industry (e.g., brewing waste, dairy sewage), sludge from sewage treatment plants
and municipal waste (Pawilonis and Kupczyk, 2006).

Depending on the type of feedstock, technology and operating conditions, the
obtained biogas varies in composition. The dependence of biogas composition on the
type of the raw material is shown in Tab. 1, whereas in Tab. 2 the estimated quantity
of methane obtained from one ton of raw material is shown.

Tab. 1. Biogas composition depending on raw material (Petersson and Wellinger,
2009).

Compo-
sition

Biogas

Agriculture
Municipal waste Sewage

sludgeunsorted sealed unsealed

CH4 52–85% 60–65% 45–50% 25–45% 65%

CO2 15–48% 34–38% 35–45% 20–35% 20–35%

H2S 0.08–5.5% 200 mg/Nm3 150 mg/Nm3 <150 mg/Nm3 -

N2 0.6–7.5% <0.1% 4–16% 16–45% 16–45%

O2 0.1% <0.1% 1–4% 4–10% 4–10%

Cl2,F2 120 mg/Nm3 120 mg/Nm3 75 mg/Nm3 <75 mg/Nm3 -

The process of obtaining biogas consists of four stages: hydrolysis, acidogenesis,
acetogenesis and methanogenesis. Acetates, CO2 and H2 are formed during the first
three stages of the gradual degradation of macromolecules (polysaccharides, proteins
and lipids), which are converted by bacteria to methane in the final stage. Factors
affecting the yield and the quality of the process are: the type and quality of the
feedstock, temperature, pH, residence time in the reactor and the culture medium.

The calorific value of raw biogas ranges from 16.7 to 23 MJ/m3, while methane gas
(composed of: 98% CH4, 0.1% CO2) is characterized by approximately 35 MJ/m3. In
order to increase the calorific value of biogas, CO2 needs to be removed. Furthermore,
it is necessary to remove hydrogen sulfide and water vapor since they contribute to
the corrosion of the installation. After the purification process, biogas is treated as a
high-calorific renewable fuel.

Rising energy demand promotes the development of renewable energy sources,
including biogas. Interest in biogas and its level of technological development in
the world is very diverse. In Europe, great interest in biogas stems from political
considerations. Western European countries insist on the development of renewable
energy sources, regardless of its costs. The largest producer of biogas in Europe is
Germany (7,000 biogas plants), thanks to their favorable energy policy. Currently,
many European Union countries obtain energy from biogas, these are: Denmark,
Great Britain, Sweden and the Netherlands.
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Tab. 2. Amount of biogas from 1 Mg of raw material (Curkowski et al., 2009).

Raw material Feed dry matter Organic dry matter Methane

[%] [%] [m3Mg−1
dry]

Cattle slurry 9.5 77.4 222.5

Hen manure 15.1 75.6 320.0

Pig manure 6.6 76.1 301.0

Grass silage 40.3 83.4 396.6

Straw 87.5 87.4 387.5

Maize silage 32.6 90.8 317.6

Sugar beet 23.0 92.5 444.0

Potato leaves 25.0 79.0 587.5

Brewing 20.5 81.2 545.1

Whey 5.4 86.0 383.3

Bakery waste 87.7 97.1 403.4

Municipal waste 60.3 55.0 396.8
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3. The influence of IL structure on its
physicochemical properties

In the design of ionic liquids, it is important to know the relationship between its
chemical structure and its properties. In contrast, the knowledge of physicochemical
properties such as: its melting point, viscosity, density, surface tension, and solubility
allows an accurate analysis of the process and an appropriate selection of operation
parameters. At present attempts are made to determine the dependency of ionic liquid
structure on its properties. However, there are considerable difficulties in achieving
this goal, because of the differences in the structure and the interactions of ions.

3.1. Melting point

The melting point is a parameter that is used to specify the purity of a chemical
compound. In the case of ionic liquids, purity is of particular importance because
it gives the temperature range in which they are in the liquid phase. Depending on
the type of ionic liquid, the melting point is affected by van der Waals forces and
electrostatic interactions to a varying degree. In the case of ammonium ionic liquids,
van der Waals forces play a greater role than electrostatic interactions (Suojiang et al.,
2006). Seddon found that the cation asymmetry accounts for a low melting point of
ionic liquids (Seddon, 1997). The imidazolium ring has a flat structure, this is why
the structure of the alkyl chain entails the symmetry of the cation. It has been found
that in many ionic liquids alkyl chain length in the cation (usually ranging from 4 to
8) accounts for the melting point of the compound (Lopez-Martin et al., 2007).

The influence of the asymmetric cation and the length of the hydrocarbon chain
on the melting point of selected ILs are shown in Tab. 3.

Tab. 3. Influence of the asymmetric cation and the length of the alkylic chain on the
IL melting point.

Factor Ionic liquid Melting point [K] Reference

Asymetric cation

[N4444][Tf2N] 369 (Sun et al., 1998)
[N(6)4444][Tf2N] 299 (Sun et al., 1998)
[MMIM][Tf2N] 295 (Berthod et al., 2008)
[EMIM][Tf2N] 258 (Suojiang et al., 2006)

Alkyl chain length

[EMIM][BF4] 279 (Berthod et al., 2008)
[BMIM][BF4] 191 (Berthod et al., 2008)
[HMIM][BF4] 191 (Berthod et al., 2008)
[OMIM][BF4] 194 (Berthod et al., 2008)
[DMIM][BF4] 248 (Berthod et al., 2008)

In the case of the anion it is the size which influences the melting point. It has
been demonstrated that with increasing anion size the melting temperature decreases,
which is caused by weaker electrostatic interaction with the cation. [Tf2N]− anions
the size of 4.39 Å have a lower melting temperature in comparison to ILs with the
same cation but with [TfO]− an anion the size of 3.79 Å(Suojiang et al., 2006). In the
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[Tf2N]− anion the negative charge is delocalized over a wider area of the molecule,
which may lead to easier dissociation and greater mobility compared to the smaller
[TfO]− anion (Sun et al., 1998). Delocalization of the negative charge on the anion
decreases electrostatic interactions, thereby lowering the melting point (Ghatee et al.,
2013). An exception to this rule is the [PF6]− anion, where hydrogen atoms strongly
bonded to a fluorine atom lead to an increase of the melting point. The influence of
the anion size on the melting point of ILs is shown in Table 4.

Tab. 4. Influence of the anion size on the IL melting point (Suojiang et al., 2006).

Ionic liquid Anion size [Å] Melting point [K]

[EMIM][Tf2N] 4.39 258

[EMIM][TfO] 3.79 264

[EMIM][BF4] 3.44 288

It has been shown that the methyl group in 2nd position of the imidazolium cation
produces more van der Waals bonds between hydrocarbon groups than in the 1st and
3rd position, resulting in an increase of the melting point (Suojiang et al., 2006).

3.2. Volatility

Currently, there is a tendency to restrict the use of environmentally harmful volatile
organic solvents. ILs are characterized by a vapor pressure below 10 Pa, which is very
small in comparison with conventional solvents, such as: heptane, ethanol or acetone,
for which the vapor pressure is 4800, 5900 and 23300 Pa, respectively (Joskowska
et al., 2012). For this reason, ionic liquids are considered to be alternative solvents
for industrial applications like chemical synthesis and separation techniques. One
possibility is to immobilize the ILs in the pores of a carrier in order to obtain selec-
tive and stable liquid membranes, which are applicable in the separation of gaseous
mixtures including biogas.

3.3. Decomposition temperature

Some ILs are in the liquid state even at temperatures above 400 K, and their decom-
position temperature ranges from 600 K to 700 K, which makes it possible to use
them in catalytic reactions which require elevated temperature. The thermal stabil-
ity of ILs dependents on their structure. It has been found that imidazolium cations
(Td ≈ 548 K) have higher thermal stability than pirolidonium cations (Td ≈ 523 K)
and ammonium salts (Td ≈ 503 K). In the case of anions the thermal stability is as
following: [PF6]

– > [BETI]– > [Tf2N]– > [TfO]– > [BF4]
– >> [I]– > [Br]– > [Cl]–

(Suojiang et al., 2006).

3.4. Viscosity

Viscosity is an important parameter for mixing, filtration, and extraction operations.
Ionic liquids are characterized by higher viscosity than conventional solvents. For
example, the viscosity of water, p-xylene, toluene, cyclohexanol or toluene at 298 K
is 0.89 mPa·s, 0.648 mPa·s, 0.59 mPa·s and 54.5 mPa·s, respectively (Yadava et al.,
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1988), whereas the viscosity of imidazolium ILs is ranges from 10 to 350 mPa·s, which
is a drawback, since large amounts of energy are required for pumping.

Furthermore, the increase in viscosity causes a decrease in diffusion, which may
limit their use in gas separation processes. For this reason ionic liquids of low viscosity
are applied.

Viscosity depends on the van der Waals and electrostatic forces, on the hydro-
gen bonding of the cation hydrocarbon chain as well as on anion symmetry. The
largest influence on the viscosity of imidazolium ILs is exerted by the cation-anion
interactions in comparison to the aforementioned characteristics of the ions (such as:
molecular orbitals, dipole moment, molar volume, shape and degree of branching, as
well as symmetry) (Han et al., 2011). Hydrocarbon chain branching increases vis-
cosity due to the decrease of molecule rotation. The dynamic viscosity coefficient
of [i−BMIM][Tf2N] and [n−BMIM][Tf2N] is 83 mPa·s and 27 mPa·s, respectively
(Suojiang et al., 2006).

3.5. Solubility in water

IL solubility in water is affected by the hydrocarbon chain length, the nature of the
anion and the temperature. It has been shown that with increasing cation alkyl
chain length solubility of the ILs in water decreases. For example, [EMIM][BF4] is
soluble in water, in contrast to [OMIM][BF4] (Pernak, 2003). The anion also plays an
important role, e.g. [BMIM][BF4], [BMIM][TfO] and [BMIM][Cl] are miscible with
water, whereas [BMIM][Tf2N] and [BMIM][PF6] are not (Han and Armstrong, 2007).

3.6. Solubility of gases in the membrane phase

Selective solubility of CO2 relative to methane in ILs is the first key factor in the
separation process. The second key factor is gas diffusion. CO2 solubility in ILs
depends on the type of anion and on the hydrocarbon chain length of the cation. The
degree of gas dissolution in ionic liquids depends on the van der Waals forces, the
hydrogen bonding and dipole-dipole or induced-dipole-dipole interactions. Solubility
of many gases (like CO2, H2S, C2H2, C3H6 and C4H8) is mainly affected by the
viscosity of the IL. However, solubility depends also in some degree on the surface
tension and energy of the crystal lattice (Kilaru and Scovazzo, 2008).

During the physical absorption process, CO2 is bound by a solvent in accordance
with Henry’s law. The concentration of gas dissolved in a liquid (xi) is proportional
to the partial gas pressure in the headspace (pi) in a steady state and at a constant
temperature.

pi = xi ·Hi (1)

The smaller the Henry constant (Hi) the better the solubility of the gas in the
liquid. The solubility is commonly determined on the basis of the gas pressure drop
above the ionic liquid in isochoric and isothermal conditions . Kilaru et al. determined
the solubility of CH4, CO2, C2H2, C3H6 and C4H8 in glass membrane immobilized
ILs using the “lag-time” method (Kilaru et al., 2008).

This method is based on the measurement of the permeate pressure over time.
The amount of gas absorbed in the membrane phase corresponds to the decline of the
partial pressure of the gas penetrating the feed side , whereat no increase of pressure
is observed on the permeate side. The “lag-time” method allows the simultaneous
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measurement of diffusion and solubility. With increasing cation hydrocarbon chain
length solubility of unsaturated hydrocarbons increases. Additionally, unsaturated
aliphatic hydrocarbons absorb better in ILs than saturated hydrocarbons (Kilaru
and Scovazzo, 2008).

ILs can chemically react with CO2, if they exhibit a reactive group built into one of
the ions. The acetate anion [Ac]– was identified to exhibit the highest affinity to CO2
(Carvalho et al., 2009). On the basis of a computer simulation it was found that the
[Ac]– anion interacts 7 and 10 times stronger with CO2 by van der Waals forces than
[PF6]

– and [Tf2N]–, respectively (Shi et al., 2012). The carbonyl group promotes the
detachment of the highest number of acidic protons of carbon in the second position
of the imidazolium ring. Subsequently, the formed imidazolium radical reacts with
the gas molecule. This mechanism is not completely reversible, because the resulting
volatile acetic acid may evaporate (Shiflett and Yokozeki, 2009).

Regeneration of [BMIM][Ac] is carried out at 50 K lower temperature compared to
monoethanolamine (MEA) regeneration. Shiflett et al. determined 16% less energy
consumption if MEA is replaced by liquid [BMIM][Ac] in the same absorption column
(Shiflett et al., 2010).

Chemical absorption of CO2 by [BMPyrr][Ac] is only possible in the presence of
water. The absorbed CO2 mole fraction increases 12 times by a 7-fold lower partial
gas pressure, if the IL contains 0.35 mole fraction of water, whereas chemisorption is
inhibited by 0.85 mole fraction of water (Stevanovic et al., 2013).

ILs which contain an aminogroup in the cation, have a higher solubility of CO2
than ILs which exhibit a long hydrocarbon chain in the imidazolium cation (Myers
et al., 2008). One CO2 molecule can react with two ion-pairs of IL, which is shown
in equation 2. Carbamates are preferentially formed by primary amino groups, since
spherical blocking prevents the reaction between the tertiary amine and CO2. Task-
specific amino ILs are characterized by high viscosity, which increases with increasing
absorption of CO2. Furthermore, the reaction can be slowed down by the physical
interaction between the gas and the anion (Gurkan et al., 2010).
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4. Conclusions

It has been shown that ILs are an effective absorbing material for purifying gas mix-
tures of CO2 due to their low melting point, high thermal conductivity, no flamma-
bility and high decomposition temperature.

Solubility of unsaturated hydrocarbons in ILs enhances with increasing length of
the cation hydrocarbon chain. Furthermore, increasing hydrocarbon chain length of
the cation decreases water solubility and increases the IL melting point and viscosity
due to van der Waals interactions. Among the imidazolium ionic liquids [EMIM][Tf2N]



159

and among ammonium ionic liquids [N4111][Tf2N] are the most effective CO2 absorb-
ing ILs, which was confirmed by several investigation of the separation of CO2 from
biogas.
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Pinto, A. M. (2009), ‘Directive of the european parliament and of the council on
the promotion of energy from renewable and amending and subsequently repealing
directives 2001/77/ec and 2003/30/ec’.

Ruud, J. A., M. J. Bowman, K. V. Sarathy, M. Manoharan, A. Ku, V. Ramaswamy
and P. R. Malenfant (2011), ‘Gas separator apparatus’.

Seddon, K. R. (1997), ‘Ionic liquids for clean technology’, Journal of Chemical Tech-
nology and Biotechnology 68, 351–356.

Shi, W., Ch. Myers, D. R. Luebke, J. A. Steckel and D. C. Sorescu (2012), ‘The-
oretical and experimental studies of CO2 and H2 separation using the 1-ethyl-3-
methylimidazolium acetate ([EMIM][CH3COO]) ionic liquid’, The Journal of Phys-
ical Chemistry B 116, 283–295.

Shiflett, M. B. and A. Yokozeki (2009), ‘Phase behavior of carbon dioxide in
ionic liquids: [emim][acetate], [emim][trifluoroacetate], and [emim][acetate] +
[emim][trifluoroacetate] mixtures’, Journal of Chemical and Engineering Data
54, 108–114.

Shiflett, M. B., D. W. Drew, R. A. Cantini and A. Yokozeki (2010), ‘Carbon dioxide
capture using ionic liquid 1-butyl-3-methylimidazolium acetate’, Energy and Fuels
24, 5781–5789.

Stevanovic, S., A. Podgorsek, L. Moura, C. C. Santini, A. A. Padua and C. M. Gomes
(2013), ‘Absorption of carbon dioxide by ionic liquids with carboxylate anions’,
International Journal Greenhouse Gas Control 17, 78–88.

Sun, J., M. Forsyth and D. R. MacFarlane (1998), ‘Room-temperature molten salts
based on the quaternary ammonium ion’, The Journal of Physical Chemistry B
102(44), 8858–8864.

Suojiang, Z., S. Ning, H. Xuezhong, L. Xingmei and Z. Xiangping (2006), ‘Physi-
cal properties of ionic liquids: Database and evaluation’, Journal of Physical and
Chemical Reference 35(4), 1475–1517.

Yadava, R. R., S. S. Yadava and V. N. Sing (1988), ‘Shear viscosities of binary mix-
tures of polar solutes nitromethane, nitroethane, and 2-nitropropane with nonpolar
aromatic solvents benzene, p-xylene, and mesitylene at 293 K’, Journal of Chemical
and Engineering Data 33, 402–404.


	Introduction
	Biogas synthesis
	The influence of IL structure on its -2exphysicochemical properties
	Melting point
	Volatility
	Decomposition temperature
	Viscosity
	Solubility in water
	Solubility of gases in the membrane phase

	Conclusions

