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A B S T R A C T

In this work, a new CO2 separation process using ionic liquid solvents is proposed. The approach focusses not
only on improving the applied solvents or their CO2 absorption chemistry, but also on adapting the separation
process itself for exploiting the advantages of ionic liquids. This is achieved by adjusting the operating tem-
peratures of the absorption and the regeneration columns of the upgrading process to the same moderate
temperature level and operating the desorption of CO2 under moderate vacuum instead of applying high grade
heat from an external source.

In this article, the proposed CO2 separation process is described in detail and the results of the development
and characterization of appropriate ionic liquid solvents for applying the process to biogas upgrading are pre-
sented. The characterization section includes measurements on thermal and chemical stability, physical and
chemical CO2 solubility, physical CH4 solubility, effective and intrinsic absorption kinetics, heat of reaction and
various additional material properties of ionic liquid solvents. Physical gas solubility is examined for Room
Temperature Ionic Liquids with [NTf2], [Tf], [DCA] and [TCM] anions with imidazolium cations in a wide
temperature range of 25–125 °C. The applied short chain [Tf] and [TCM] based RTIL feature a high selectivity
concerning physical solubility of CO2 and CH4. Furthermore, the applied chemically functionalized IL (CFIL)
show almost the double chemical CO2 loading capacity than conventional amines. The measurements on ab-
sorption kinetics show that the absorption of CO2 in the applied IL solvent in the desired temperature range is
about as fast as when aqueous DEA is applied.

Based on the derived experimental results, an energetic evaluation of the process is carried out indicating that
the proposed process enables considerable potentials for energetic savings, forming the basis for being close to
economic feasibility within relatively short payback periods.

1. Introduction

Ionic liquids (IL) are molten salts consisting of rather large and
asymmetric ions which sterically inhibit crystallization. Per definition,
molten salts are referred to as “ionic liquids” in case they are liquid at
temperatures below 100 °C. There even are some IL which are liquid at
room temperature or below [1–3], namely RTIL (Room Temperature
Ionic Liquids). Induced by their ionic nature IL feature a negligible
vapor pressure p∗, even at elevated temperatures
(p∗(T < 150 °C) < 10−5 Pa [4]). Therefore, applying ionic liquids for
the removal of CO2 from gas streams by absorption has been discussed
in science ever since the class of substances gained public attention in
early 21st century [2]. In the majority of examined cases in literature,

CO2 is to be removed from flue gas of coal fired power plants (post-
combustion CCS), and IGCC units (pre-combustion CCS) [5], as CO2

emissions from power production are in charge of the largest share of
the world’s annual CO2 emissions (35–40 GtCO2 in 2015 [6]). Besides
decarbonizing of flue gases, GHG emissions can also be reduced by
substituting fossil fuels by renewables, e.g. by utilizing biomass based
energy resources. Furthermore, the production and injection of sub-
stitute natural gas (SNG) from biomass offers several advantages com-
pared to power production by e.g. wind and solar such as non-volatility,
availability of the natural gas grid for distribution and storage purposes
but also the possibility of utilizing the gas via alternative routes, e.g. in
the transportation sector or as a sustainable carbon source for the
chemical industry. SNG can be produced from biomass by either
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thermochemical conversion [7] in combination with syngas purifica-
tion [8] and methanation [9] or by biochemical conversion plus sub-
sequent gas upgrading [10,11]. Fig. 1 shows the corresponding biogas
process chain.

Nowadays, the so called Power-to-gas (PtG) process [12] is an ad-
ditional option for production of SNG from renewable electricity, with
which the limited biomass potentials can largely be overcome.

In order to be allowed to inject the produced gas into the natural gas
grid, country specific requirements for gas quality have to be met. In
Germany these are in particular the technical guidelines G 260 [13], G
262 [14] of DVGW and for CNG vehicles the DIN 51624 [15]. Besides
many other requirements on the gas quality, the methane content needs
to be at minimum 95mol%. As the CO2 content of raw biogas (after
fermentation) typically is 40–50mol% [10,11], CO2 removal is the
major biogas upgrading task.

Compared to large-scale CO2 removal from coal-fired power plants
the requirements for CO2 removal applied for biogas upgrading differ
fundamentally:

• CO2 is to be removed from a gas stream which mainly consists of
methane not of N2/O2 (as in post-combustion CCS case) or of hy-
drogen (pre-combustion CCS) [16].

• Biogas plants are several orders of magnitude smaller than potential
CCS plants in conventional power production scale. Thermal capa-
city of German biogas plants was 4.5 MW in average in 2014 [17],
which means that ca. 350–500m3/h (STP) of CO2 have to be re-
moved from the biogas stream per plant. In conventional power
production of flue gas streams on the order of 1–3millionm3/h have
to be treated [16]. Therefore, the total required solvent inventory is
much smaller when the upgrading process is applied for biogas.

• Biogas plants are decentralized installations and often located in
rural areas. Furthermore, adequate thermal integration of the biogas
upgrading plant is not available, as on-site or nearby heat sources or
heat sinks are often missing. Hence, biogas upgrading plants are
typically driven by electric energy [10,11].

For the removal of CO2 from biogas several upgrading technologies
exist which differ by the applied gas separation technique and by the
degree of process integration (Table 1).

Absorption [7] is a wide spread industrial process for sour gas treat-
ment. Consequently, first plants for CO2 removal from biogas were phy-
sical or chemical scrubbers, respectively. Both still feature the largest share
in biogas upgrading in Germany [20], e.g. physical water or poly-
ethyleneglycol-dimethylether (=Genosorb) scrubbing or chemical

Nomenclature

A surface area (m2)
β mass transfer coefficient (m/s)
B loading capacity (mol/mol)
c concentration (mol/m3)
δ thickness of diffusion limited boundary layer (m)
D diffusion coefficient (m2/s)
e specific energy demand (kWh/m3) (STP)
E chemical enhancement factor (–)
EA activation energy (kJ/mol)
F mass flow (kg/s)
η dynamic viscosity (Pa s)
h enthalpy (kJ/mol)
H Henry coefficient (bar)
Ha Hatta number (–)
i, j indices (–)
k reaction rate constant various
K equilibrium constant (c−X)
N number of species (mol)
m mass (kg)
M molar mass (g/mol)
ρ density (kg/m3)
pi (partial) pressure (of i) (bar)

r reaction rate (various)
R universal gas constant (8.314 kJ/(kmol·K))
σ surface tension (N/m)
S selectivity (–)
t time (s)
T temperature (°C or K)
V volume (m3)
x molar fraction in liquid phase (–)
y molar fraction in gas phase (–)
ω mass fraction (–)

Abbreviations

cal calculated
exp experimental
g gaseous state
IL ionic liquid
l liquid state
MPT maximum process temperature
ppm parts per million (on a molar base)
RTIL room temperature ionic liquid
CFIL chemically functionalized ionic liquid
STP standard temperature and pressure
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Fig. 1. Biogas production and upgrading for injection into the natural gas grid.
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scrubbing by applying amines such as monoethanolamine (MEA), die-
thanolamine (DEA), methyldi-ethanolamine+piperazine (MDEA+PZ)
or aqueous amino salt based solutions.

As shown in Table 1, biogas upgrading processes based on physical
interactions with CO2, such as physical scrubbing (see Fig. 2), but also
PSA and membrane separation, suffer from a rather high electric energy
demand due to the necessity of feed gas compression (C-01 and C-02)
and due to internal recompression efforts for reduction of methane loss.

However, chemical absorption (Fig. 3), which is typically operated
at ambient pressure, requires a large amount of thermal energy for
regeneration of the solvent, namely to introduce the heat of reaction of
e.g. the deprotonation of protonated amines (e.g. MEAH+) [21] at a
temperature level of typically 120–160 °C.

Instead of applying the common optimization strategy for chemical
scrubbing processes, which is to develop new solvents or solvent blends
featuring a reduction of heat of reaction during CO2 uptake, this work
focuses on a different approach. Within the proposed gas upgrading
concept the operating temperatures of the absorption and regeneration
devices (Col-01–Col-03 in Fig. 4) are adjusted to approximately the
same temperature level of about 80 °C. As the temperature remains
almost constant in the entire process, the change in operating concept is
associated with the benefit that the thermal energy for regeneration of
the solvent does not have to be supplied from an external source.

Except of obvious thermal losses to the ambient, which cannot be
avoided entirely when such a process is operated at an increased

temperature level, the solvent does not have to be heated nor cooled
while circulating between the columns. But, as a chemical driving force
for regeneration of the solvent is mandatory, the regeneration of the
solvent is carried out by a reduction of pressure in the regeneration
units instead (C-01 and C-02).

Such type of operating concept cannot be implemented using con-
ventional solvents as they typically exhibit a high vapor pressure (as
they are aqueous mixtures). Therefore large parts of the thermal energy
of the system would be dissipated by evaporating the solvent or water,
respectively. Hence, the upgrading concept as proposed in Fig. 4 re-
quires a new type of solvent with a negligible vapor pressure, which
leads to ionic liquids.

With the applied concept the major drawback of ionic liquids, their
increased viscosity compared to common aqueous solutions, leading to
mass transfer limitations, can be partly overcome by the higher oper-
ating temperature of the entire process. Certainly an increase of ab-
sorption temperature also leads to a reduction of solvent utilization
efficiency (by means of actual CO2 uptake per maximum theoretical
CO2 uptake of the solvent per cycle), but as the temperature of the
solvent stream does not have to be increased for regeneration, a high
solvent utilization efficiency is not crucial - especially not as the energy
demand for solvent circulation is typically low when chemical scrub-
bing is applied and the pressure differences between the columns are
low.

For implementing such a process it was necessary to identify

Table 1
State-of-the-art processes for CO2-removal from biogas in Germany [10,11,18–20].

Water scrubber Genosorb® Scrubber PSA Chemical scrubber Membrane separation

Market shares, Germany,
2015

31% 11% 22% 32% 4%

Operating principle Absorption Adsorption Absorption+Reaction Permeation
yCH4

in Biomethane <99 vol% <98 vol% <98 vol% >99 vol% <98 vol%
yH2

S,max pre CO2-removal < 500 ppm <100 ppm <1–2 ppm
Subsequent treatment

necessary?
Drying, desulphurisation, CH4-
removal from lean gas

(drying), desulphurisation, CH4-
removal from lean gas

CH4 removal from
lean gas

Drying (drying), CH4 removal
from lean gas

Operating pressure p 8 bar 8 bar 5 bar 1 bar 8–17 bar
Energy demand per raw biogas feed
Electric energy demand eel

per raw biogas
0.23 kWh/m3 0.29 kWh/m3 0.25 kWh/m3 0.07 kWh/m3 0.2 kWh/m3

Thermal energy demand eth
per raw biogas

– 0.11 kWh/m3 – 0.60 kWh/m3 –

Raw
biogas

Biogas/SNG
(+H2O)

Stripping
media

Q
. Q

.

C-01 C-02

Col-01

Col-02

Col-03

C-03

P-01

hx-01
hx-03

PR-01 PR-02

hx-02 Lean gas
(CO2, stripping
media, traces of
product gas)

Col-01: Absorption
column

Col-02: Flash Col-03: Desorption
column

Condensate

Fig. 2. Flow sheet of biogas upgrading by physical absorption.
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suitable ionic liquid solvents for the proposed upgrading concept.
Section 2 of this work gives an overview of the tested RTIL and CFIL.
Section 3 shows the results of characterization of the most important
solvent properties, such as thermal and chemical stability, CO2 uptake,
reaction kinetics and heat of absorption (for chemical reaction with
CO2). Vapor pressure is not further examined in this work, detailed
information can be taken from Heym et al. [4].

Finally, based on the experimental results, a first estimation of en-
ergetic efficiency of the process is given in Section 4 and the results are
compared with state-of-the-art technologies for CO2 removal from
biogas.

2. Applied materials and IL synthesis

For the proposed process a new ionic liquid based solvent was

developed. Right from the beginning the solvent has been chosen to be
a mixture of RTIL and CFIL as pure CFIL suffer far too high viscosities to
be applied to conventional mass transfer equipment [5] alone. In many
cases viscosity even rises during CO2 uptake due to an increase of
charge density and H bonds in the ionic liquid [5]. The main task of the
RTIL in the solvent mixture therefore is to reduce the viscosity of the
solvent mixture.

The examined CFIL were restricted to anion functionalization. In
majority deprotonated amino acids were applied as there are relatively
cheap. The major task of the CFIL is to provide competitive absorption
kinetics, high selectivity and a suitable CO2 absorption isotherm,
characterized by an appropriate CO2 loading capacity but even more
important, a rather moderate capacity gradient at low partial pressures
of CO2. This is mandatory as the solvent temperature is to be kept
constant within the upgrading process and CO2 is to be stripped out of
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Q
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hx-02

P-02
hx-04

hx-03

Q
. hx-05

Lean gas
(CO2, traces
of product
gas)

Biogas/SNG
(+H2O)

Raw
biogas

Col-01: Absorption
column

Col-02: Desorption
column

Fig. 3. Flow sheet of biogas upgrading by
chemical absorption.
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the solvent by pressure reduction.
Concerning RTIL, imidazolium cations with sulfate (R-SO4), tetra-

fluoroborate (BF4), hexafluorophosphate (PF6), sulfonates (R-SO3), di-
cyanamide (DCA), tricyanomethanide (TCM), tri-
fluoromethanesulfonate (Tf) and bis(trifluoromethylsulfonyl)imide
(NTf2) anions are most common. Halogenide anions are often too small
to form a RTIL. BF4 and PF6 decompose in presence of water at in-
creased temperatures (resulting in formation of HF). Alkylsulfates tend
to hydrolyze under formation of HSO4, sulfonates suffer a relatively
high viscosity. Reasonable options of RTIL for the desired application
therefore are DCA, TCM, NTf2 and short chain Tf anions. While NTf2
and Tf anions are known to be quite stable from the chemical and
thermal perspective, DCA and TCM anions do not consist of any halo-
gens, which make them the better choice from the environmental
perspective.

Concerning many available CFIL, the reaction mechanism with CO2

is often still under discussion, especially when higher temperatures are
considered. In order to be able to compare with conventional amines,
corresponding amine functionalized CFIL anions were chosen (see
Table 2). Similar to conventional amine solvents, CFIL with primary
(alaninate [Ala]), secondary (prolinate [Pro]) and tertiary anions (di-
methylglycinate [Gly]+PZ) were applied. For further examination of
the role of the acidic H in 2-Position of the imidazolium ring, an al-
kylated cation, namely [BDiMIM], was selected and compared with the
results of a [BMIM] based IL.

2.1. Preparation of the applied CFIL

Depending on the availability of precursors, the amine functiona-
lized ionic liquids were prepared starting from the bromide or the
chloride salts of the corresponding cations, then transferred into the
hydroxide form via anion exchange resin (Cl-type, pretreated by 5M
NaOH solution) and neutralized by drop-wise addition into the parti-
cular amino acid, which was supplied in 1.02 fold excess in aqueous
solution [22–24]. The reaction was carried out at room temperature for
at least 12 h. After appropriate post-treatment the resulting substances
were dried under vacuum at 60 °C for at least 36 h. Acetonitrile was
added to accelerate the water removal. The alaninate ([Ala]) based
CFIL received is a light yellow solid, [BDiMIM][Pro] a yellow jellylike
solid. [BMIM][Pro] and [BDiMIM][Gly] are liquid at room temperature
but show a more intense yellow color. The product quality and the
residual halide content of the synthesized IL were checked by using 1H-,
13C NMR (Avance AV400 by Brucker) and IC (ICS-90 by Dionex), re-
spectively. The water content of the ionic liquids was obtained via Karl-
Fisher titration (AQUA 40.00 by Analytic Jena). Detailed information
on the applied chemicals is supplied in Table 3. In any of the applied
ionic liquids or IL mixtures, halides were below 200 ppm and the re-
sidual water content was lower than 150 ppm.

3. Characterization and evaluation of IL solvents

The characterization section of this work focusses on the physical
properties for application of the examined solvents in the CO2 scrub-
bing process by near-isothermal absorption. Thermal and chemical
stability (Section 3.1), CO2 uptake (Section 3.2) and reaction kinetics
(Section 3.3) are of special interest within this study. Besides, some
additional standard material properties of the applied substances are
given.

Literature overview
Various data on absorption of CO2 in ionic liquids in both, RTIL and

CFIL is available in literature [5]. As high solvent utilization efficiencies
are of special interest in conventional operating mode of CO2 scrubbing
systems, CO2 absorption data at near ambient temperature is most
common. Data on high temperature absorption for RTIL and for CFIL is
rare.

It is known from conventional gas upgrading processes that the
regeneration of amine based solvents for CO2 capture requires at least
temperatures of around 60–80 °C. This vice versa marks the minimum
operation temperature of the proposed isothermal upgrading process.
Gas solubility data of CO2 and CH4 in IL is available only for T < 70 °C,
in the majority of cases for even lower temperature, e.g. in the range
between 5 and 40 °C. However, density and viscosity data is available
for higher temperatures up to approximately 120 °C but not for all RTIL
of interest. Table 4 gives an overview of available data on RTIL in lit-
erature.

3.1. Thermal and chemical stability

Even though many data on thermal stability of IL is available, it is
known from own experience that there are significant overestimations
present in literature values, especially when long term stability is
considered. Therefore, TGA experiments for determination of thermal
and chemical stability were carried out with all IL shown in Table 4 in a
temperature range from 348.13 to 473.13 K in a Netzsch TG 209 F1 Iris
thermogravimetric analyzer (TGA). The mass loss of the samples was
tracked in isothermal segments at the desired temperatures for at least
8 h. For each measurement samples of approximately 20mg were ap-
plied to an alumina crucible and placed into the TGA. In advance of any
measurement the setup was evacuated and purged with nitrogen for at
least three times in order to remove any other gases from the mea-
surement chamber. Thereafter, heating was applied to the sample with
a heating rate of 10 K/min under nitrogen atmosphere. Once heated up,
the gas atmosphere of interest was applied. For thermal stability mea-
surements nitrogen was applied, for measurement of chemical stability
oxygen was added in various ratios.

Thermal stability of RTIL
As shown in Fig. 5, RTIL with [NTf2] and [Tf] anions are stable at

473.15 K. This finding corresponds with literature findings, where
thermal stability of this type of IL is typically specified in the range of

Table 2
Common amines for CO2 absorption and corresponding chemically functionalized ionic liquids (CFIL) with amine functionalization of the ILs’ anions.

Common amines e.g. Characteristics Reaction equation IL

Primary MEA [K+][Ala]

Secondary DEA [K+][Pro]

Tertiary MDEA [K+][Gly]+ PZ

F. Ortloff et al. Separation and Purification Technology 195 (2018) 413–430
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473.2–573.2 °C [4].
T= 473.15 KRTIL with [DCA] or [TCM] anions are less stable.

Fig. 6 shows results of [BMIM][DCA] measurements in the temperature
range from 398.15 to 473.15 K. Below 398.15 K no mass loss is de-
tected. At 423.15 K approximately 1 wt% of the sample was lost due to

evaporation of the decomposition products during the measurement
period.

The lower thermal stability of ionic liquids with [DCA] and [TCM]
anions in comparison to those with [NTf2] and [Tf] anions is due to the
higher basicity and nucleophilicity. Vaghjiani et al. [47] proposed the

Table 3
Applied chemicals.

Abbreviation Chemical formula Molecular formula Molar weight
M

Chemical structure CAS-No. Supplier

MEA Monoethanolamine C2H7NO 61.08 141-43-5 Merck

DEA Diethanolamine C4H11NO2 105.14 111-42-2 Merck

MDEA Methyl-diethanolamine C5H13NO2 199.16 105-59-9 Merck

PZ Piperazine C4H10N2 86.14 110-85-0 Merck

DL-Alanine DL-Alanine C3H7NO2 89.10 302-72-7 Merck

DL-Proline DL-Proline C5H9NO2 115.13 609-36-9 Merck

Dimethyl-glycine Dimethyl-glycine C4H9NO2 103.12 1118-68-9 Merck

[BDiMIM]Cl− 1-Butyl-2,3-dimethylimidazolium chloride C9H17ClN2 188.7 98892-75-2 IoLiTec

[BMIM]Cl− 1-Butyl-3-methylimidazolium chloride C8H15ClN2 174.68 79917-90-1 IoLiTec

[EMIM][Pro] 1-Ethyl-3-methylimidazolium prolinate C11H19N3O2 225.29 – IoLiTec

[BMIM][Pro] 1-Butyl-3-methylimidazolium prolinate C13H23N3O2 253.34 – IoLiTec

[BDiMIM][Ala] 1-Butyl-2,3-dimethylimidazolium alalinate C12H23N3O2 241.33 – Own synthesis

[BDiMIM][Pro] 1-Butyl-2,3-dimethylimidazolium prolinate C14H25N3O2 267.37 – Own synthesis/
IoLiTec

[BDiMIM][Gly] 1-Butyl-2,3-dimethylimidazolium gylcinate C13H25N3O2 255.36 – Own synthesis

[BDiMIM][NTf2] 1-Butyl-2,3-dimethylimidazolium bis
(trifluorosulfonyl)imide

C11H17F6N3O4S2 433.39 350493-08-2 IoLiTec

[BMIM][NTf2] 1-Butyl-3-methylimidazolium bis
(trifluorosulfonyl)imide

C10H15F6N3O4S2 419.36 174899-83-3 IoLiTec

[EMIM][TCM] 1-Ethyl-3-methylimidazolium
tricyanomethanide

C10H11N5 201.23 – IoLiTec

[BDiMIM][TCM] 1-Butyl-2,3-dimethylimidazolium
tricyanomethanide

C13H17N5 243.28 – IoLiTec

[BMIM][TCM] 1-Butyl-3-methylimidazolium
tricyanomethanide

C12H15N5 229.28 – IoLiTec

[BMIM][DCA] 1-Butyl-3-methylimidazolium dicyanamide C10H15N5 205.26 448245-52-1 IoLiTec

[BMIM][Tf] 1-Butyl-3-methylimidazolium
trifluoromethanesulfonate

C9H15F3N2O3S 288.29 174899-66-2 IoLiTec
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thermal decomposition of ionic liquids with [DCA] and [TCM] anions
under

(a) deprotonation of the C2-position on the imidazolium ring by the
anion and

(b) SN2-type reaction of the anion with the alkyl-substituents on the
imidazolium ring (Fig. 7).

In addition, polymerization of the [DCA] and [TCM] anion is ob-
served at higher temperatures. Nevertheless, 398.15 K is sufficient to be
applied to the proposed upgrading process.

Thermal stability of CFIL:

CFIL are not as stable as RTIL at high temperatures as the amine
groups tend to deprotonate. With CFIL, decomposition of the anion
accounts for the decomposition of the ionic liquid [48]. The CFIL anions
degrade under formation of carbon dioxide, carbon monoxide and
ammonia [49]. The decomposition mechanisms are not yet understood.
Fig. 8 shows TGA results for [BDIMIM][Pro]. At 348.15 K and 373.15 K
[BDIMIM][Pro] seems to be stable. Above 373.15 K a decomposition of
the CFIL within the measurement period becomes visible. At
423.15 K > 20wt% of the CFIL is decomposed after 500min.

Evaluation of maximum admissible process temperature (MPT)
Even though the individual TGA measurements were operated for at

least 8 h, this is still a very short period when it comes to determining
long-term stability. Technical processes are typically operated> 8000
h per year. If the IL based solvents shall be applied for CO2 separation,
information on long-term maximum operating temperature is needed.
Therefore, based on the derived experimental TGA data, the maximum
admissible process temperatures (MPT) were calculated by assuming a
first order decomposition reaction of the IL (as proposed in literature
[50]) and evaluating the individual kinetic decomposition parameters
k0 and EA for each IL (Eq. (1)).

− = − = ⎛
⎝

⎞
⎠

r T dm
dt

k
E
RT

m t( ) exp ( )i i
A i

0,
,

(1)

The decomposition rate ri was calculated from the measured data at
various temperatures and plotted in an Arrhenius type of diagram (see
Fig. 9). The activation energies EA,i of the decomposition reaction and
the kinetic parameters k0,i of the examined IL were be calculated from
the slope of the curves and from the ordinate intercept, respectively.
For determining the MPTs, a mass loss of 10 wt% of IL per year (8000 h
TOS) was specified as acceptable. The corresponding maximum ad-
missible process temperatures are given in Table 5.

Chemical stability of CFIL
Typically amines are sensitive to degradation when contacted with

oxygen at elevated temperatures [16]. As there are always at least some
traces of oxygen present in biogas, the influence of oxygen on the sta-
bility of the applied CFIL was examined. In general, the same metho-
dology as for determining the thermal stability was applied but 375
ppmv, 5 vol% and 15 vol% of oxygen was added to the feed gas mix-
ture. Fig. 9 shows the corresponding TGA results for [BDiMIM][Pro], as

Table 4
Overview of available literature data of RTIL of interest.

IL Tmax/K Lit./– ρIL/(kg/m3) Tρ/K Lit./– ηIL/mPa s Tη/K Lit./– HCO2
/bar THCO2

/K Lit./– HCH4
/bar THCH4

/K Lit./–

[EMIM][DCA] 393.2 [25] 1105 293–353 [26] 17.5 293–353 [26] 78 303 [27] 2000 313 [28]
[EMIM][TCM] 433.2 [25] 1082 297 [*] 14.2 298 [*] 60 308 [**] 1050 298 [**]
[EMIM][Tf] 523 [29] 1384 278–348 [30] 40.7 278–348 [30] 57 278–338 [*] 1560 278–338 [*]
[EMIM][NTf2] 523 [31] 1518 293–391 [32] 29 293–391 [32] 38.6 283–343 [33] 587.5 298–343 [34]
[BMIM][DCA] 473.2 [35] 1061 293–363 [36] 24.4 293–363 [37] 60.3 n/a [38] 1273 298 [*]
[BMIM][TCM] 473.2 [39] 943 298 [40] 25.7 298 [*] 44 309 [41] 900 298 [**]
[BMIM][Tf] 6822 [42] 1290 295 [*] 70.4 283–343 [43] 42 303–342 [44] n/a n/a n/a
[BMIM][NTf2] 712.3 [31] 1438 293–391 [32] 51 273–353 [45] 34.3 283–323 [46] 467 298 [*]

* Own measurements.
** Kroon, M. et al. CCS Conference, 28.-29.05.2013, Antwerpen.
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[BDiMIM][Pro] showed the highest thermal stability of the examined
CFIL. As expected, oxygen enhances CFIL degradation. Adding 375
ppmv of oxygen already shows a slight effect, 5 vol% of oxygen in-
creases the degradation rate considerably. Consequently, similar to
conventional amines, a removal of oxygen prior to the IL based scrub-
bing unit is recommended in order to improve the durability of the
upgrading process, e.g. by utilizing (bio-)methane for reduction of
oxygen [51,52]. Table 7 includes the MPT values of [BDiMIM][Pro]
under addition of oxygen.

Conclusions on thermal and chemical stability of RTIL and CFIL
As summarized in Table 5, any of the tested RTIL shows sufficient

thermal stability to be applied to the proposed process for long term at
temperatures of up to 398.15 K (125 °C).

Concerning the stability of the CFIL, the application of BDiMIM
cation leads to an increase of thermal stability of 20 K in comparison to
the corresponding [BMIM] cation (see Table 6) due to alkylation of the
acidic C2 position of the imidazolium ring.

The secondary prolinate based CFIL shows a higher stability as the
primary alaninate anion. Against common expectations the tertiary
dimethylglycinate anion has a reduced thermal stability as compared to
the prolinate anion, which might be a consequence of the cyclic
structure of the prolinate. The [BDiMIM][Pro] IL is thermally stable at
temperatures of up to approximately 80 °C, which is sufficient for the
desired process, but very close to the limit.

In future, further efforts should be undertaken to evaluate the de-
composition mechanism of the CFIL in detail and consequently improve
the thermal stability of the CFIL by altering the chemical structure
based on these findings.

As mentioned, oxygen accelerates the decomposition of CFIL and
leads to a lower MPT (see Fig. 9). An oxygen concentration of only 375
ppmv already causes a reduction of about 7 K in the maximum ad-
missible process temperature (Table 7). Pre-treatment of the raw biogas
before entering the CO2 separation is advisable for a long lifetime of the
solvent.

3.2. Physical and chemical CO2 absorption capacities

The solubility of CO2 and CH4 are important parameters for the
design of absorption processes as they define the amount of liquid
needed per cycle for removal of CO2 from the gas stream, but also
enable the calculation of methane loss by co-absorption in the liquid.
Therefore, both physical and chemical CO2 absorption capacities were
measured for the IL of interest.

Experimental setup
The solubility of carbon dioxide and methane was determined with

the experimental setup shown in Fig. 10(l). The applied system consists
of an agitated glass autoclave tempered by thermal oil and an addi-
tional reference gas cylinder, both with defined volumes. The autoclave
(mini clave steel by Büchi Glas Uster AG) has a volume of ca. 150mL
and can be pressurized up to 10 bar and heated to 240 °C. The reference
gas cylinder is applied for determination of the amount of gas charged
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Table 5
Maximum admissible process temperatures (MPT) of the applied RTIL.

Cation Anion EA/kJ·mol−1 ln(k0) MPT/K

RTIL
[BDiMIM] [NTf2] – – >473.2

[BMIM] [DCA] 159.9 32.4 402.6
[Tf] – – >473.2
[TCM] 106.5 15.8 410.5
[NTf2] – – >473.2

[EMIM] [DCA] 159.2 32.7 398.4
[Tf] – – >473.2
[TCM] 101.4 14.8 403.7
[NTf2] – – >473.2

Table 6
Maximum admissible process temperatures (MPT) of the applied CFIL.

CFIL

CFIL yO2 EA/kJ.mol−1 ln(k0) MPT/K

[BDiMIM] [Ala] 113.7 24.2 345.3
[Pro] 133.3 30.2 351.7
[N,N-DiMGly] 92.7 19.0 324.2

[BMIM] [Pro] 102.4 22.0 329.2

[PMIM] [Ac] 95.1 19.9 324.2

Table 7
Maximum admissible process temperatures (MPT) of the applied CFIL with oxygen.

CFIL+Oxygen

CFIL yO2 EA/kJ.mol−1 ln(k0) MPT/K

[BDiMIM][Pro] 0% 133.3 30.2 351.7
375 ppm 119.3 26.3 344.3
5% 106.4 24.9 336.8
15% 96.7 20.6 321.4

F. Ortloff et al. Separation and Purification Technology 195 (2018) 413–430

420



into the autoclave. The system pressure is monitored with two high
precision pressure transducers, Type D-10, supplied by WIKA SE & Co.
KG, providing an accuracy of 0.05% F.S. Gas (CO2: 5.5; CH4: 3.5) is
supplied by Air Liquide in standard gas cylinders connected to the ap-
paratus.

In advance of each solubility experiment the RTIL were stripped by
applying vacuum at T= 100 °C for at least one hour in order to remove
traces of water and/or other impurities. For measuring the gas solubi-
lity, a defined volume of liquid sample VL is mixed with a known
amount of gas at a given pressure prc,1 in the autoclave. The gas starts to
dissolve into the liquid immediately after entering the autoclave and
the system pressure decreases until it reaches the thermodynamic
equilibrium at pressure pa,1. The difference between prc,1 and pa,1 is
used to calculate the number of moles of the gas dissolved in the liquid
Ndissolved by subtracting the moles of gas remaining in the gas phase at
the end of the measurement from the total amount of gas entered into
the autoclave at the beginning of the experiment (Nrc→a). During che-
misorption measurements gas is added to the autoclave multiple times
and the number of dissolved gas molecules is summarized for de-
termination of chemical CO2 loading capacity Bi.

For calculating the number of moles in the gas phase, Peng
Robinson equation of state is applied. Before applying the system for
determining the gas solubility in IL it was validated via measurements
of CO2 and CH4 solubility in water. Any data point referred to in this
work was reproduced at least three times.

Physical absorption of CO2 and CH4 in RTIL
Gas solubility of a poorly soluble gas i in a liquid j by means of

physical absorption (no chemical reaction takes place in the liquid
phase) can be expressed in terms of the Henry coefficient Hij, as defined
in Eq. (2):

=H T
p
x

( )ij
i

i (2)

In Eq. (2), pi represents the partial pressure of the gas i in the gas
phase. xi is the molar fraction of gas i dissolved in the liquid phase. In
all measurements the CO2 partial pressure in the autoclave was con-
siderably lower than 10 bar, ideal behavior in g and l phase can be
assumed.

The solubility is a result of molecular interactions between the so-
lute and the solvent. Considering the gas molecules, CO2 features a
quadrupole moment and is therefore able to interact with polar sol-
vents. It is known from literature that the solubility of CO2 can be en-
hanced by adding polar groups to the solvents’ molecules. Due to their
polar structure, IL feature a high solubility for CO2 (see Fig. 11).

Methane is a non-polar molecule and is therefore not attracted by
any polar groups or dispersion forces present within the solvents mo-
lecules. In accordance with the literature findings the solubility of
methane in the tested IL is significantly lower than the CO2 solubility
(see Fig. 12).

Besides, any dissolved gas molecule needs to be embedded within
the solvent molecules matrices. Therefore, the gas solubility is high in
rather large and branch solvent molecules, as the comparison of ex-
perimental CO2 solubility in [EMIM] and [BMIM] IL (also shown in
Fig. 11) reveals (see also Fig. 13). Unfortunately, this kind of solubility
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Fig. 10. Experimental setup for determination of gas solubility and absorption kinetics (l), and schematic pressure profile of a measurement (r).
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improvement favors non-selective absorption causing co-absorption of
methane and resulting in CH4 loss during gas upgrading.

The temperature dependency of solubility of CO2 and CH4 in the
tested IL can be described by Eq. (3). Hij represents the Henry’s law
constant of the gas i in the liquid j in bar, ln(Hij,0) the ordinate intercept
(1/T→ 0) and Δh0 represents the enthalpy of solution. The obtained
parameters are summarized in Table 8. With Eq. (4), the solubility of
CO2 and CH4 can be calculated within the experimental temperature
range of 298.15 K≤ T≤ 398.15 K.

= −H T H h
R T

ln( ( )) ln( ) Δ
Δij ij,0

0
(3)

At 25 °C the selectivity SCO2
/CH4,j (=HCH4

,j/HCO2
,j) of all [EMIM]

based [TCM], [DCA] and [Tf] based RTIL is in the range of 22–28 (see
Fig. 13). For comparison, due to it’s polar nature, the selectivity SCO2

/
CH4,H2O(25 °C) in water is in the same range (≈24 [53–55]), while in
common polyethylene glycol (PEG) based solvents for biogas upgrading
the selectivity SCO2

/CH4,PEG–DME(25 °C) is significantly lower (ca. 13
[55,56]). [BMIM] RTIL, especially with [NTf2] anions, suffer a lower
selectivity, caused by the branch structure of the cation and the anion,
respectively.

With an increase of temperature selectivity reduces as the CO2 so-
lubility decreases. The solubility of methane shows only a slight de-
crease with temperature. It is known from literature that certain gases
show only weak temperature dependency of solubility (e.g. CH4, N2) or
even feature an increase of solubility with temperature (e.g. H2).

This is also valid for RTIL. In literature, the inversion of temperature
dependence is described as a consequence of an enthalpy-entropy
compensation issue [57]. Strong interacting solutes feature a negative
enthalpy of solution (exothermic solvation) but also a negative entropy

of solution. At a certain temperature strongly interacting gases pass
through a minimum of excess solution energy, where enthalpy of sol-
vation and entropic contribution to the solvation process equal out (this
point is a solubility minimum). There are only few explanations for the
entropy contribution present: It is assumed that the solute influences
the order of the solvent molecules or possibly reduces the degree of
freedom of solvent molecules movement.

Chemical absorption of CO2 in CFIL
When chemical absorption takes place the chemical loading capa-

city B of CO2 (see Eq. (4)) in the solvent is typically dominated by the
stoichiometry of the chemical reaction. Methane is chemically inert,
only CO2 is able to participate in the chemical reaction. Therefore, the
absorption is typically operated at ambient pressure and a significantly
higher selectivity (SCO2/CH4,L > 100) is achieved.

=B T N
N

( )ij
i

amine groups in the solvent j (4)

Fig. 14 shows a comparison of experimental solubility results of
common aqueous amine solutions (all 30 wt% in water) at 30 °C vs.
10 wt% CFIL in [BDiMIM][NTf2] at 80 °C.

As expected, conventional solvents show an increase of solubility
from primary to tertiary amines (see Table 2). Any of the applied
conventional amines show a higher CO2 capacity BCO2 than 0.5 as the
general Eq. (5) of the reaction of CO2 with primary and secondary
amines allows:

− + ⇌ − + − −+ −2R NH CO R NH R NH COO2 2 3 (5)

This is induced by water participating in the reaction when high
CO2 partial pressures are applied: When R-NH-COO− concentration
reaches the value of 0.5 certain amounts of HCO3

− are reversely
formed from the carbamate (Eq. (6)), with R-NH2 again acting as base
for CO2 uptake (via H3O+ neutralization, see Eqs. (7), (8) and Fig. 15).

− − + ⇌ − +− −R NH COO H O R NH HCO2 2 3 (6)

+ ⇌ ++ −CO 2H O H O HCO2 2 3 3 (7)

− + ⇌ − ++ +R NH H O R NH H O2 3 3 2 (8)

Obviously, in dry amines the capacity Bi would be limited to 0.5.
When applying tertiary amines (e.g. MDEA), the CO2 uptake invariably
takes place by storing CO2 as HCO3

−. The amine exclusively serves as a
base and CO2 capacities of 1mol of CO2 per mol of MDEA are possible.

In contrast to conventional amine solutions, in this work the CFIL
are applied as dry mixtures with RTIL. RTIL do not participate in the
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Table 8
Parameters of Eq.3 (Δh0 and ln(Hij,0)).

RTIL CO2 CH4

Δh0/kJ·mol−1 ln(HCO2,j,0) Δh0/kJ·mol−1 ln(HCH4,j,0)

[BDIMIM][NTf2] 11.39 8.34 3.93 7.51
[BDIMIM][TCM] 11.22 8.34 4.21 8.26
[BMIM][NTf2] 13.93 9.24 3.3 7.19
[BMIM][Tf] 14.66 9.9 2.74 6.88
[BMIM][DCA] 13.13 9.67 2.07 8.03
[BMIM][TCM] 11.63 8.67 3.58 8.3
[EMIM][Tf] 14.11 9.73 1.06 7.72
[EMIM][DCA] 12.46 9.37 1.33 8.17
[EMIM][TCM] 11.5 8.72 2.54 8.19
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chemical reaction. For the primary and secondary amino-acid based
anions alaninate [Ala] and prolinate [Pro] a maximum capacity of 0.5 is
expected (similar to Eq. (5)) in absence of water.

Nevertheless, it is already known from literature and also observed
in the experiments in this work (see Fig. 14), that higher CO2 loadings,
even close to 1mol CO2 per mole of amine-functionalized anion are
possible with CFIL. Chemical complexation of protons in the solvent or
rather consecutive reaction of the carboxylates to the corresponding
acids, or carboxylation of the (2)-position at the imidazole ring are
discussed as reasons for this evidence.

In any of the experiments shown in Fig. 14, the corresponding ca-
tion was [BDiMIM], in CFIL as well as in RTIL. Therefore, the (2) po-
sition of the imidazolium did not participate in CO2 absorption chem-
istry as it was already alkylated. Chemical complexation or rather
consecutive formation of the corresponding acids may still occur. For
further identification unused and CO2 saturated samples of the IL
mixtures were analyzed by 1H- and 13C-NMR.

NMR results of [BDiMIM][Pro] loaded with CO2

The 1H- and 13C-NMR of the unused mixture of [BDiMIM][NTf2]
with 30 wt% [BDiMIM][Pro] shows the expected peaks and intensities
for this mixture. The intensity of the NH-peak with approximately 0.5
fits well to 30 wt% prolinate. The unused sample was therefore iden-
tified as [BDiMIM][Pro].

In addition to the unused mixture of the ionic liquids, NMR-spectra
were also measured after loading the mixture with 0.075, 0.244 and
0.46mol carbon dioxide per mol prolinate. In the 1H NMR of the loaded
mixture with 0.075mol carbon dioxide the intensity of the NH-peak is
reduced significantly. In addition, the resolution of the CH-peak at
3.2 ppm degrades. Together with a new 13C-peak at 160 ppm, which fits
with N-COO, this is a strong evidence that the prolinate reacts with
carbon dioxide under formation of pyrrolidine-1,2-dicarboxylate. From
the NMR measurements it was not possible to identify any group con-
taining the free proton. Therefore, it can be assumed that the proton is
weakly stabilized complexation by the carboxylate groups in the mix-
ture.

Increasing the CO2 load to 0.224mol/mol prolinate, no NH-peak is
observed in the 1H NMR anymore and the resolution of the CH-peaks of
prolinate at 3.2 ppm and 1.8 ppm is reduced even more. Looking at the
13C NMR the intensity of the N-COO peak is higher than after loading
the mixture with 0.075mol CO2. In addition the signals of the CH2-
peaks of the prolinate at 30 and 31 ppm is wider than for the unused
mixture. Increasing the CO2 load to 0.46mol/mol prolinate, the 1H
NMR shows still no NH-peak of the prolinate anymore and the resolu-
tion of the peaks at 3.2 ppm and 1.8 ppm is even less. The N-COO-peak
at 160 ppm has the highest intensity of all discussed 13C-spectra. This
again accounts for CO2 reacting with the prolinate anion under

formation of pyrrolidine-1,2-dicarboxylate and the proton being com-
plexated in the liquid phase.

Fig. 14 further shows that the CO2 capacity increases from primary
to secondary amino acid based anions. The primary and secondary
amino acid based anions are able to capture CO2 directly via carbamate
formation. The dimethylglycinate anion can only act as proton ac-
ceptor. CO2 fixation must take place elsewhere. Therefore, (in absence
of any water) piperazine (a cyclical bi functionalized secondary amine)
was added to the solvent system, which is able to form the carbamate
when reacting with CO2. The residual CO2 capacity of the di-
methylglycinate based CFIL is in the same range as for the alalinate IL.
Applying tertiary amines in dry IL systems therefore provides no ad-
ditional benefit. As the thermal stability of the dimethylglycinate based
IL is rather unsatisfactory and piperazine dissolution in the examined
dimethylgylcinate based IL mixture is inadequate, the prolinate based
IL was chosen as best option for the specified task out of the tested IL
and therefore further characterized.

For comparison reasons, the physical solubility of the applied RTIL
[BDiMIM][NTf2] was added to Fig. 14. As can be seen, the chemical
solubility of CO2 at pCO2

= 0.5 bar is 14 times larger than the physical
solubility. Furthermore the selectivity of dissolved CO2 (chemically and
physically) to dissolved CH4 is in the range of 50, which is comparably
low for chemical solvents but can be further optimized by increasing
the concentration of CFIL in the mixture or by substituting [BDiMIM]
[NTf2] by an RTIL with a lower methane solubility, e.g. by a [TCM]
anion based RTIL.

Fig. 16 shows the effect of temperature on chemical CO2 loading.
Equivalent to common amines the isotherms shift to lower CO2 loadings
with an increase of temperature due to the exothermic reaction. For
further process efficiency calculations, a temperature dependent equi-
librium constant was evaluated. As the proportion of protonated amine
groups to chemically complexated protons in the liquid is unknown, the
stoichiometry of the reaction cannot be given. Therefore a stoichio-
metry factor X (see Eq. (10)) was incorporated to the fit of the ex-
perimental results via minimization of least squares. X represents the
necessary number of moles of unreacted amines for fixation of one mole
of CO2 (see Eq. (9)). The calculations result in X=1.68, which is in
between the minimum stoichiometry of 0.5 mol of CO2 per mole of
amines (corresponding to X=2) and a 1:1 stoichiometry.

For the temperature dependence of K(T), Eq. (11) was applied.
Comparison of experimental results and K(T) predictions is shown in
Fig. 16. With the given equation the chemical absorption capacity of
CO2 in [BDiMIM][Pro] can be determined in the range of pCO2≤ 1 bar
and 60 °C≤ T≤ 120 °C with sufficient accuracy.

− + → + − × +XR NH CO RNCOO (X 1)RNH H2 2 2 (9)
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Fig. 17 shows a variation of mass fraction of the chemical active
compound [BDiMIM][Pro] in [BDiMIM][NTf2]. In the range of very low
CO2 partial pressures (pCO2

→ 0), chemical absorption dominates the
CO2 capacity curves. In this pressure range the specific amount of CO2

captured per mole of applied amine is fairly equal by means of double
and three times as much CO2 has been absorbed into the liquid for
20 wt% and 30 wt%, respectively.

For higher pressures the CO2 capacity curves spread: the slope of the
curves decline with an increase of [BDiMIM][Pro] fraction in the sol-
vent. As the physical solubility of CO2 in [BDiMIM][Pro] is lower than
in [BDiMIM][NTf2], higher fractions of [BDiMIM][Pro] lead to less
physically absorbed CO2.

Finally, the effect of admixing of water on CO2 solubility was ex-
amined, see Fig. 18. Water can be an issue for a potential technical
process as nearly any completely dry IL behaves hygroscopic. There-
fore, when contacted with water a certain amount of water will accu-
mulate in the solvent cycle. By adding 5 wt% of water to the solvent
mixture the CO2 capacity reduces sharply. This finding might be a result
of water reducing the amount of complexated protons in the solution or
by participating in CO2 absorption by direct formation of carbonate,
releasing two additional protons.

3.3. Effective and intrinsic rate of CO2 absorption

For CO2 removal via gas scrubbing not only CO2 loading capacity
but also absorption kinetics is an important solvent property, as the size
of a gas/liquid contact apparatus is typically determined by how fast
the gas impurities are dissolved in the liquid.

In general, a distinction between the effective and the intrinsic rate
of absorption can be drawn. The effective absorption rate is the more
important parameter as it defines the size of the mass transfer appa-
ratus. Conversely, the effective rate is closely linked to the applied
apparatus, as not only reaction kinetics but also e.g. mass transfer
contributes to the overall performance.

However, the intrinsic absorption rate represents the rate of che-
mical reaction between CO2 and the solvent and therefore is a funda-
mental solvent property which can be transferred from one reactor
design to another, e.g. from lab scale autoclave (as applied in this work,
see Fig. 10) to a technical scale absorption column.

Effective rate of absorption
In order to compare the effective kinetics of the tested ionic liquids,

equivalent rate experiments were conducted with conventional solvents
MEA, DEA, MDEA and MDEA+PZ, each 30wt% of the amines in
water.

In the applied setup CO2 is absorbed from the gas phase into a
stirred liquid phase (see Fig. 10). Before CO2 can chemically react with
any amines in the liquid phase it has to be absorbed at the phase in-
terface and then physically transported to the reactive species. The
result of these consecutive steps is referred to as the effective absorption
rate in terms of the decline of the system pressure in the autoclave as a
function of time (see Eq. (12)).

= −∗
∞

dp
dt

RT
V

β A E c c· · ·( )G

G
L L L

CO
CO , CO , CO , ,

2
2 2 2 (12)

with β LCO ,2 : physical mass transfer coefficient
= ( ) ( )E β A β A· / ·L effective L without chemical reactionCO , CO ,2 2

∗c LCO ,2 : equilibrium concentration at phase boundary
∞c LCO , ,2 : concentration in the bulk liquid.

The autoclave is operated at a gas to liquid ratio of 3–4. The initial
pressure pCO2,0 was chosen to 30× 10−3 bar in order to minimize
temperature changes in the gas phase by Joule Thompson effect, tem-
perature variations in the liquid phase by the exothermal chemical re-
action and to avoid depletion of amine at the phase interface during
reaction.

Fig. 19 shows the experimental results for the effective absorption
rate of the mentioned amine systems. The slope of the pressure curves
(see Eq. (12)) represents the effective absorption rate. As expected and
often reported in literature, MEA features a very fast effective absorp-
tion rate. When 30wt% of MEA are applied it takes approximately 30 s
to absorb the CO2 from the gas phase completely, i.e. the remaining
partial pressure of CO2 equals zero. The DEA(aq) system is slower.
MDEA(aq) without PZ is by far the slowest, even in comparison to the
ionic liquids. MDEA with addition of PZ again shows equal performance
as MEA. Bishnoi et al. [58] proposed, that the absorption rate of a pure
aqueous PZ solution is much faster than an aqueous MEA solution. The
authors observed that multi-amines and cyclic molecule structures en-
hance the reaction rate. The fact that the reaction rate of a mixture of
MDEA(aq)+ PZ(aq) is as fast as aqueous MEA is caused by the proto-
nation reaction of the amine which is the overall rate determining step.

The experimental results of the examined IL systems are also in-
cluded in Fig. 19. As it is known from literature, low temperatures are
critical for the performance of ionic liquids due to their elevated visc-
osity. The RTIL [BDiMIM][NTf2] features a viscosity of 25× 10−3 Pa s
at 60 °C, which is 23 times higher than the aqueous MEA system. But
still, the [Ala] based mixture shows equal effective absorption
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performance than the aqueous DEA solvent, the [Pro] based IL is only
slightly slower. This indicates that the examined IL based solvents
feature a relatively good mass transfer performance, which is fast en-
ough to apply the tested IL to CO2 separation in technical scale.

The experiment indicates that the size of the necessary mass transfer
columns will probably be in the same order of magnitude for the IL
based solvents in the optimized separation process operated at ap-
proximately 60–80 °C as for the conventional aqueous secondary amine
based CO2 separation processes.

Fig. 20 shows that the contrarious reactions of solvent regeneration
of secondary amines start to take place at temperatures of approxi-
mately 50–60 °C, decelerating the effective rate of CO2 absorption. This
implies that a regeneration of the solvents is possible at temperatures
above 60 °C.

Nevertheless, in most of the cases (except at the very high tem-
peratures), CO2 was completely absorbed into the liquid phase, in-
dicating that the reduction of the effective rate of absorption was not
limited by thermodynamic equilibrium.

Intrinsic rate of absorption
In continuous operation, the mass balance of CO2 in the liquid film

can be expressed by Eq. (13), assuming a second order reaction of CO2

with the amine species. In case the amine is present in large excess (as it
was during the absorption rate measurements), it is not necessary to
consider the concentration of the amine species in the liquid phase
(camine,L= const.). Therefore, in the CO2 balance the concentration of

the amine species and rate constant k may be combined to a pseudo
first-order reaction rate equation (Eq. (14)).
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Integration of Eq. (13) yields the concentration profile of CO2 in the
liquid film layer, Eq. (15). δL represents the thickness of the liquid film.

∗c LCO ,2 represents the CO2 concentration in the liquid directly at the gas-
liquid interface. ∞c LCO , ,2 is the CO2 concentration in the bulk liquid
phase.
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Ha represents the proportion of maximum chemical conversion rate
to maximum physical mass transfer rate by diffusion in the liquid film
layer. Eq. (16) shows the simplified definition of Ha for first order re-
actions.
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For fast reactions, e.g. the chemical reaction of CO2 with amines,
Ha > 3, meaning that the reaction takes place exclusively in the liquid
film layer or even instantaneous at the phase interface. Therefore, the
concentration of CO2 in the bulk liquid phase cCO2,L∞≈ 0 and the
chemical enhancement factor is maximized: E≈Ha. In this case, Eqs.
12, 14 and 16 can be combined to Eq. (17).
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With Eq. (17), it is possible to evaluate the reaction specific rate
constant k′ from the experimental measurements and therefore the in-
trinsic kinetics of the CO2 absorption reaction when the solubility of
CO2 and the diffusion coefficient of CO2 in the liquid are known. The
latter has been measured via N2O analogy [59] in [BDiMIM][NTf2] and
is given by Eq. (18). For simplification, the effect of admixing the CFIL
into the RTIL on the diffusion coefficient was neglected.

= − +− −
D T

T
( )

10 m s
1514 1 5.42LCO ,

9 1
2

(18)

Fig. 21 shows the results for the for tested conventional solvents

Fig. 19. Normalized pressure decrease by CO2 ab-
sorption for different conventional amines and
functionalized ionic liquid mixtures.
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MEA(aq), DEA(aq), MDEA(aq) and MDEA+PZ(aq), 30 wt% amine each,
and the ionic liquid system 10wt% [BDiMIM][Pro] in [BDiMIM][NTf2].

As can be seen in Fig. 21, the prolinate based IL solvent features the
highest intrinsic reaction rate of all tested solvents. Besides simplifi-
cations in calculation of the diffusion coefficient, this might be induced
by a high specific heat of reaction (see Section 3.4) which typically
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Fig. 21. k of second order reaction of CO2 with various amine solvents.

Table 9
Calculated k′, k, ln(k0), EA and EA Lit. of the reference systems and [BDiMIM][Pro] in [BDiMIM][NTf2] at various temperatures.

MEA DEA

k′×10−3/s−1 k× 10−3/
m3 kmol−1 s−1

ln(k) ln(k0) EA/kJ·mol−1 EA Lit./
kJ·mol−1

k′×10−3/s−1 k× 10−3/
m3 kmol−1 s−1

ln(k) ln(k0) EA/kJ·mol−1 EA Lit./
kJ·mol−1

T in °C 20 40.03 8.05 8.99 27.05 44.32 44.94 [60] 16,289.57 5506.16 8.61 21.41 31.17 32.3 [61]
25 51.22 10.32 9.24 20,218.91 6852.80 8.83
30 59.76 12.07 9.40 26,437.24 8984.65 9.10
35 85.74 17.36 9.76 30,768.57 10,456.64 9.25
40 114.04 23.14 10.05 35,606.86 12,100.92 9.40
45 – – – 45,309.73 15,440.24 9.64
50 155.25 31.67 10.36 49,332.57 16,811.10 9.73
60 159.76 32.78 10.40 35,150.64 12,143.17 9.40
70 153.14 31.62 10.36 32,204.18 11,004.13 9.31
80 167.79 34.65 10.45 26,581.58 9107.69 9.12

MDEA MDEA+PZ

k′×10−3/s−1 k× 10−3/
m3 kmol−1 s−1

ln(k) ln(k0) EA/kJ.mol−1 EA Lit./
kJ·mol−1

k′×10−3/s−1 k× 10−3/
m3 kmol−1 s−1

ln(k) ln(k0) EA/kJ·mol−1 EA Lit./
kJ·mol−1

20 24.50 9.44 2.24 22.46 48.9 45 [62] 41.69 14.62 9.59 25.06 33.11 33.75 [63]
25 39.58 15.30 2.73 61.61 21.65 9.98
30 62.38 24.19 3.19 80.78 28.47 10.26
35 –
40 117.82 45.69 3.82 112.21 39.75 10.59
45 – – – – – –
50 188.10 72.94 149.56 53.26 10.88
60 270.31 105.17 196.11 70.21 11.16
70 338.46 131.69 221.67 79.78 11.29
80 376.99 149.14 240.25 86.93 11.37

10 wt% [BDiMIM][Pro] in [BDiMIM][NTf2]

k′×10−3/s−1 k× 10−3/
m3 kmol−1 s−1

ln(k) ln(k0) EA/kJ·mol−1 EA Lit./
kJ·mol−1

25 22.5 42.31 10.65 28.37 43.83 –
30 23.38 44.05 10.69
40 76.74 145.97 11.89
50 70.74 135.15 11.81
60 76.26 146.86 11.9
70 33.78 65.48 11.09
80 31.08 60.66 11.01
90 12.28 24.13 10.09
100 1.6 3.17 8.06
120 0.047 0.093 4.53

Table 10
Heats of CO2 absorption Δh of conventional solvents and CFIL.

Solvent Δhexp/
kJ·mol−1

ΔhLit/
kJ·mol−1

Measurement
temperature/°C

MEA(aq, ω = 30%) 83.8 85 [16,64] 25
DEA(aq, ω = 30%) 70.9 70.4 [64] 25
MDEA(aq, ω = 30%) – 58.8 [65] 25
MDEA+PZ(aq, 2:1, ω =

30%)

– 77 [66] 25

[BDiMIM][Ala](ω =

10%)

101.7 – 90

[BDiMIM][Pro](ω =

10%)

80.2 – 90
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enhances the chemical reaction rate (see Tables 9 and 10).

3.4. Heat of reaction

The specific heat of reaction Δh of the applied CFIL during CO2

absorption were measured with a STA 409CD microbalance from
Netzsch-Gerätebau GmbH and compared to measurements and litera-
ture values of conventional amine based solvents (MEA(aq), DEA(aq),
MDEA+PZ(aq)). Due to the high viscosities of the applied ionic liquids
the measurements with IL have not been carried out at standard con-
ditions. In comparison to conventional amines all applied ionic liquids
show an increased heat of reaction. This has already been expected
from the results of reaction kinetics and CO2 uptake, as both are rather
high in comparison to conventional amines.

4. Process efficiency estimation

Based on the characterization of the IL solvent, a first efficiency
estimation of the proposed process was carried out by calculating the
thermal and the electrical energy demand and comparing it to state-of-
the-art technologies for biogas upgrading. The flow sheet of the up-
grading process is given in Fig. 22.

The calculations are based on the following boundaries and sim-
plifications:

• Feed volume flow is 1000m3/h (25 °C) with yCO2,in = yCH4,in= 0.5

• The raw biogas temperature at the inlet of the scrubbing unit is 35 °C

• For heat capacity and density of the CFIL mixture, the values of the
RTIL are applied

• The absorption temperature is equal to the temperature of the des-
orption (80 °C)

• The minimum temperature difference in any heat exchangers is
ΔTmin= 10 °C

• The methane content at the outlet of the absorption column is
yCH4 > 0.95

• Heat losses to the ambient are neglected

• Vacuum (200mbar in Col-02 and 50mbar in Col-03) is applied via
roots pump (C01/02) (isochoric operation)

• The efficiency of energy transformation: primary to thermal is 0.9
and primary to electrical energy is 0.42 [67] (which is the average
efficiency of German power supply).

The liquid circulation rate can be calculated from the loading ca-
pacity isotherms (80 °C in Fig. 23) and the CO2 partial pressures in the
regeneration units (200mbar in Col-02 and 50mbar in Col-03), re-
spectively. In total a ΔB of 0.36 can be achieved under these conditions,
divided to Fm,LG2 and Fm,LG3 (see Fig. 22).

The mass balance is given in Table 11 for a mixture of 10 wt%
[BDiMIM][Pro] in [BDiMIM][NTf2], resulting in comparably high li-
quid circulation rates of 270 t/h.

The liquid circulation rate and the selectivity of the RTIL strongly
affect the methane loss caused by co-absorption in the liquid. In the
calculated case a methane loss of 2.7% occurs with [BDiMIM][NTf2]
caused by the high liquid circulation rate and the low selectivity of the
solvent. By applying [BDiMIM][TCM] instead, the methane loss can be
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Fig. 22. Proposed process concept with G and L mass flows indicated.
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Table 11
Mass balance of the proposed process for 1000m3/h (25 °C) raw biogas input.

Mass flows/t·h−1 (see Fig. 22)

Fm,RG Fm,L1 Fm,L2 Fm,L3 Fm,LG1 Fm,LG2 Fm,LG3 Fm,BG

1.17 270 160 110 0.86 0.41 0.45 0.31
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reduced to 1.4% due to the higher selectivity of the RTIL. The methane
loss can be further reduced by increasing the mass fraction of CFIL in
the solvent mixture, ending in a trade-off between mass fraction of CFIL
and viscosity of the mixture. 20 wt% of CFIL in the mixture should be
possible, again reducing the liquid circulation and therefore the me-
thane loss by a factor of 2. These low amounts of methane in the lean
gas (approximately 30–40 kW in total) can be utilized via catalytic
combustion and can be applied for supplying the upgrading process
with thermal energy for pre-heating of the feed gas and for compen-
sating heat losses to the ambient. A further reduction of the methane
loss is therefore not necessary.

Comparing the total energy demand, the proposed IL based scrub-
bing process requires a larger share of electrical energy as compared to
thermal energy. The major share of the required electrical energy is
applied for the vacuum pumps (C-01 and C-02) connected to the des-
orption units. The remaining electric energy is needed for the liquid
pumps (P-01 and P-02). Table 12 shows the results of the calculations.
As a result, the proposed process enables primary energy savings of
50–75% in comparison to state of the art technologies.

As it is clear that ionic liquids are cost-intensive solvents (and will
certainly always remain more expensive than conventional solvents),
the proposed process can only be profitable when OPEX savings com-
pensate for the additional solvent costs.

Taking 8000 h of operation per year and an average price for elec-
tricity (corporate clients in Germany) of 0.15 € ct/kWh (heat 5 ct/kWh)
as a basis, about 120 k€ can potentially be saved per year in comparison

to conventional physical upgrading concepts. Compared to chemical
scrubbing, these savings can be nearly doubled by additional bio-
methane production, as heating of the regeneration unit has to be fired
by biogas in Germany. Therefore, besides the electricity price, savings
also strongly depend on the actual prices received for injection of
biomethane into the gas grid (see Fig. 24).

With an average solvent inventory of around 5 l of solvent per m3/h
of raw biogas to be treated in conventional chemical scrubbing plants,
30–60 € per kg of solvent can be saved annually and therefore re-
invested for the IL solvent. According to literature prices of approxi-
mately 30–50 €/kg [2,68] may be expected when imidazolium based IL
are produced in a commercial scale and halides were avoided (e.g.
when using [BDiMIM][TCM]). If solvent costs of 65 € per kg were as-
sumed and the solvent inventory was doubled (due to the higher visc-
osity of the IL), a payback period of less than<5 years is calculated for
the process design proposed in this paper.

5. Summary and conclusion

In this work an alternative process for CO2 separation based on the
application of ionic liquids has been evaluated for upgrading of biogas.
The proposed chemical scrubbing process is operated in a “quasi-iso-
thermal” mode, avoiding the demand for thermal energy for re-
generation of the solvent from an external source. Instead, the solvent is
regenerated by reducing the CO2 partial pressure in the gas phase of the
regenerator by applying moderate vacuum in a pressure range of
50–200mbar.

The proposed CO2 separation concept favors ionic liquids (IL) as
solvents, as this class of substances features a negligible vapor pressure
at temperatures of up to 150 °C. Additionally, the increase of operating
temperature helps to compensate for the common disadvantages of IL
(high solvent viscosity, low energetic benefits).

Taking the example of biogas upgrading, ionic liquids were screened
and an appropriate solvent was developed as a mixture of RTIL and
CFIL with separate focus on minimizing the viscosity of the mixture and
providing an appropriate chemical CO2 absorption capacity and effec-
tive absorption rate. For the investigations presented [BDiMIM][NTf2]
was used as RTIL. Future optimization options are to switch to
[BDiMIM][TCM] to significantly increase the selectivity, to reduce the
viscosity of the solvent mixture by a factor of 2 and to avoid halogens.
Concerning chemisorption, prolinate [Pro] based CFIL are promising, as

Table 12
Comparison of thermal, electrical and primary energy demand of state-of-the-art tech-
nologies for biogas upgrading with the proposed isothermal IL process.

ethermal/
kWh·m−3

Rawgas,NTP

eelectrical/
kWh·m−3

Rawgas,NTP

eprimary/
kWh·m−3

Rawgas,NTP

Water scrubber – 0.23–0.33 0.58–0.8
PSA – 0.26 0.65
Chemical

scrubber
0.6 0.05 0.8

Membrane
separation

– 0.2–0.25 0.5–0.6

Quasi isothermal,
chemical IL
upgrading

0.02 0.09 0.24
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they feature sufficient thermal stability and proper CO2 loading capa-
city and kinetics.

During screening and characterization phase, thermal stability,
physical CO2 and CH4 solubility, effective and intrinsic absorption ki-
netics, heat of reaction, and additional solvent properties of various
examined ionic liquid solvents were evaluated in a temperature range,
exceeding the common range of literature values considerably. The
measurements on absorption kinetics showed, that the absorption of
CO2 at the desired operating conditions is about as fast as with con-
ventional DEA, which has already been applied for biogas upgrading.
From this finding, the conclusion can be drawn that the necessary ab-
sorber volume for applying the desired ionic liquid mixture is in the
same order of magnitude as for conventional DEA based solvent.

Based on the experimental findings a first process efficiency esti-
mation was performed. As expected from the flow sheet, the major part
of the required electrical energy for the process is applied for the va-
cuum pumps connected to the desorption units. The calculations predict
energetic benefits in terms of primary energy savings compared to the
state-of-the-art of biogas upgrading processes in the range of 50–75%.
In the base case, methane loss is comparably high (2.7%) but can be
reduced by approximately 75% by using [BDiMIM][TCM] as RTIL and
by increasing the mass fraction of CFIL from 10wt% to 20wt%.

The expected savings in OPEX can be applied for the additional
investment of the ionic liquid solvents which are more expensive than
conventional solvents. Assuming an IL price at 65 EUR/kg, which is
expected to be realistic when non-fluorinated substances were pro-
duced in large quantities, decent payback periods in the range of less
than 5 years are calculated.

6. Perspectives

At present, the process is examined in a fully automated lab scale
mini plant at DVGW Research Center at KIT, allowing continuous op-
eration of an absorption/desorption cycle. In the near future the mini
plant will be transferred to a biogas injection plant site, where it will be
operated in parallel to the existing upgrading plant for long term sta-
bility measurements with real biogas feed.

Although it seems obvious from the present results achieved in the
autoclave and the mini-plant that the regeneration of the solvent is
possible in the desired temperature range, experimental investigations
on this issue are still pending. There is a certain risk that the re-
generation of the solvent might become a bottleneck in the process, as
CO2 desorption might be slow because it has to be physically trans-
ported from the bulk liquid to the phase boundary. Nevertheless, first
tests are promising as supersaturation of physically dissolved CO2 oc-
curs in the liquid phase once the pressure is reduced. Supersaturation of
CO2 leads to spontaneous bubble formation in the liquid phase, re-
sulting in an intensification of mass transfer which has a positive impact
on overall regeneration performance.
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