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Abstract. Since CO; facilitates pipeline corrosion and con-
tributes to a decrease of the calorific value of gaseous fuels,
its removal has become an issue of significant economic
importance. The present review discusses various types of
traditional CO, capture technologies in terms of their
efficiency, complexity in system design, costs and environ-
mental impact. The focus is hereby not only on conven-
tional approaches but also on emerging ‘green’ solvents
such as ionic liquids. The suitability of different ionic
liquids as gas separation solvents is discussed in the present
review and a description on their synthesis and properties in
terms of CO- capture is provided. The bibliography includes
136 references.

I. Introduction

The today society’s dependence on the energy is more
obvious than ever before. Worldwide, thousands of
machines and appliances have been invented that use energy
in manufacturing as well as to improve standards of living
and quality of life in general. Moreover, significant amount
of energy is consumed by heating and the ever increasing
transportation in our globalized world. At the same time,
global energy consumption and the level of CO, emissions
are continuously increasing.
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COs is considered as a greenhouse gas. The development
of efficient methods to capture CO» from industrial gas
mixtures has become an important issue in the recent years.
Various technologies for CO, capture can be used, including
absorption, adsorption, membranes, and hybrid applica-
tions combining these techniques. Currently, capture with
aqueous amines seems to be dominant in industrial proc-
esses. Although these aqueous amine solutions are effective,
there are some serious drawbacks inherently connected to
the use of them. For example, the concurrent loss of some
volatile amines and the uptake of water into the gas stream
lead to intensive energy consumption, cost increases, and
corrosion problems. Therefore, it is desirable to search for
new chemical agents for CO, capture exhibiting favourable
characteristics, such as a negligible vapour pressure and
high stability.

Recently, the interest towards the development of new
CO; capturing media had risen significantly.! Among the
most promising solvents for CO, removal, a number of
solvent mixtures can be listed. Examples such as ionic
liquids and their mixtures with amine solutions, polyionic
liquids, ‘switchable’ ionic liquids, and so forth demonstrate
viable alternatives.

Ionic liquids (ILs) and their derivatives are gaining
increasing interest due to their unique properties such as
extremely low vapour pressure, wide liquid temperature
range, high thermal and chemical stability, and their ability
to dissolve a variety of chemical compounds. For instance,
application of supercritical CO,/IL biphasic systems has a
promising future in separation and chemical reactions, since
this technique can be used to separate various species
without any cross-contamination, provided that the con-
ditions are chosen appropriately.?

Carbon capture and storage (CCS) technologies are
targeting a reduction in CO; emissions. The appropriate
method should be selected taking into account not only
capital and operating costs, but also the possible environ-
mental adverse effects. A promising alternative for CO;
storage could be CO» utilization. Sustainable technologies
will emerge after matching together CO, removal and CO»
utilization processes.3
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This paper provides a helicopter view on the conven-
tional and novel solvents for CO, removal. The CO;
capturing technologies can be developed either by means
of an improvement in the technical design of the system or
by replacing the current solvent systems with new, more
efficient media. Therefore, the information is presented in
terms of engineering methodologies and chemistry of a new
innovative class of solvents.

I1. Types of CO; capturing technology

The fixation of carbon dioxide is currently one of the most
urgent challenges in chemistry, since the enhanced magni-
tude of CO; emissions is quite often assigned to be respon-
sible for global warming. Moreover, together with water
CO; can cause corrosion in metal pipes. Consequently, CO»
has to be removed for efficient transportation of gaseous
fuel in pipelines and to improve the fuel quality (i.e. heating
value).

There is a range of emerging technologies for removal of
CO; that have traditionally been used for upgrading of flue
gases and for purification processes in ammonia and hydro-
gen generation industry. Obviously, flue gases usually con-
sist mostly of nitrogen (typically more than two-thirds),
carbon dioxide, water vapour and oxygen.* Moreover, flue
gases contain a small percentage of pollutants such as
particulate matter, carbon monoxide, nitrogen oxides and
sulfur oxides.*

It is evident that CO5 is a major constituent not only in
flue gases, but also in biogas which is considered to be a
carbon dioxide neutral biofuel. However, carbon dioxide
should often be removed from biogas to improve the
heating value, decrease the transportation costs and avoid
the corrosion of pipelines. Consequently, for upgrading
purposes, one could eventually use similar techniques as
used in ammonia industry. However, it is necessary to
consider existing gas separation technologies in view of
evaluating their capability for CO, capture.

The following CO» removal technologies have been
implemented in the gas industry:

— chemical solvent scrubbing,

— physical solvent scrubbing,

— chemical mineral trapping,

— adsorption,

— membranes,

— cryogenics.

These methods are described below in more detail.

1. Basic concepts: gas purification processes

Any gas purification process is typically designed for con-
tinuous operations. They mostly use solvents which can be
regenerated and reused. Hence, the flow sheets usually
contain two characteristic sections: absorption and regen-
eration.

The simplest one is the so called ‘one stage’ process.
Here Fig. 1 only displays the lean absorption and stripper
sections.® The gas stream flows through a vessel where acid
gases (COa3, H»,S) are removed. The rich solution is fed to
the regeneration system where the acid gases are stripped off
and thereafter the solvent is recycled to the absorption
section. There are many different modifications of these
‘prototype’ flow sheets for gas treating processes, depending
on the initial CO5 content of the stream to be treated as well
as the application area.

CO» product

Cleaned gas

Spent sorbent

Untreated gas

Figure 1. Process layout for a CO; capture process for flue gases
using monoethanolamine (MEA) as a solvent.>

(1) Absorber, (2) regenerator, (3) MEA storage, (4) cooler, (3)
pumps, (6) heat exchanger, (7) condenser, (8) reboiler, (9) blower;
(a) cold and (b) hot lean absorbent, (¢) rich cold and (d) rich hot
spent (saturated with CO;) absorbent, (¢) MEA make up.

2. Chemical solvent scrubbing

Chemical solvent scrubbing is currently the most favoured
method to capture CO, from process gases.® It involves the
reaction between CO, and the absorbent. The chemical
absorbents used are often aqueous solutions of mono-, di-
or triethanolamines (Fig. 2), diisopropanolamine, sodium
carbonate, sodium hydroxide, and potassium carbonate.”
During a long time the most common solvent used for CO»
removal from exhaust gases was monoethanolamine (MEA)
(see Fig. 1).
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Figure 2. CO; loading isotherms of aqueous amine solutions

(15 wt %) measured at a CO, flow of 52 ml min—! in a loop
reactor, volume is 50 ml at 293.5 K (authors’ data).

(I) MEA, (2) N-methyldiethanolamine (MDEA), (3) diethanol-
amine (DEA).

Amine scrubbing technology, established over 60 years
ago in the chemical and oil industries for removal of
hydrogen sulfide and CO, from gas streams, still remains
the most commonly used technology for gas applica-
tions.> 811 Unfortunately, amine treatment being an effec-
tive CO, capturing process possesses several drawbacks !?
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such as high energy inputs on the regeneration step, corro-
sivity of amines, limited CO» loading capacity and degra-
dation of amines. It is noteworthy that amine selection
should be carefully considered to match the desired require-
ments and solvent properties for effective scrubbing appli-
cations.!?

Nowadays, the most widely applied gas scrubbing tech-
nologies are BASF’s activated MDEA process and UOP’s
Benfield processes.!? The Benfield process uses a chemical
absorbing solution based on 30 % hot potassium carbonate
(K»CO3) in water and an activator. The activator in low
concentration has to be added into the carbonate solution
to improve the absorption rate of CO,.!4-18

Modern, energy-efficient activated N-methyldiethanol-
amine (aMDEA) process by BASF was released for licens-
ing as the aMDEA technology in 1982.1° Later on, a revamp
strategy was introduced to the original two-stage scrubbing
systems now comprising both lean and semi-lean solution
sections in a single absorption column (Fig. 3).!® The
tertiary amine has a high acid-gas loading capacity and
possesses a low regeneration energy requirement. Since CO»
binds chemically to MDEA much less stronger than to
MEA, therefore, the partial regeneration of the solvent can
be carried out by simple flashing (physical characteristics).
The character of this solution is more like a hybrid of being
a strong chemical and a purely physical solvent.!8

Exhaust gas

Flash gas CO; off gas

Flue gas

Figure 3. Process layout for BASF activated MDEA (aMDEA)
process.!8

(1) Lean absorber, (2) bulk absorber, (3) low pressure flash column,
(4) regenerator (stripper), (5) reboiler, (6) pumps, (7) heat
exchanger, (8) cooler.

MDEA /water solution contains a certain amount of an
activator.?- 2! Different chemical species, namely 2-amino-
2-methyl-1-propanol (AMP), piperazine, N-methylpipera-
zine, morpholine efc. have been explored as viable activator
compounds, out of which piperazine became the most
common choice. The plausible explanation to this is that
piperazine contains two reactive amine groups, which can
attach to COs. Further, piperazine bonds very strongly with
CO- and does not readily release it to MDEA. This means
that the equilibrium partial pressure of CO, over the
solution is lower than with MDEA alone. Recently, a new
activator 2-(1-piperazinyl)ethylamine was proposed.?

The character of solvent may be deflected to chemical or
physical side depending on the presence of an activator and
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Figure 4. CO: loading characteristics of various solutions depend-
ing on CO; pressure.'$

(1) ‘physical’ solvent; (2, 3) ‘chemical’ solvents MEA and aMDEA,
respectively.

its concentration (Fig. 4). This makes it possible to retrofit
and adapt the process for different situations.

When comparing these two technologies (Benfield vs.
BASF), it is evident that the BASF activated MDEA
process has more preferable energy consumption character-
istics than the Benfield process.??

Thus, aMDEA technology remains the most widely used
modern gas scrubbing technology?? due to the following
advantages: superior loading capacity and absorption
kinetics, high energy efficiency, non-corrosivity, absence or
low level of solvent degradation, low solvent losses, high
reliability, rather low-toxic and reasonably biodegradable
absorption solution and low foaming tendency.

3. Physical solvent scrubbing
Besides chemical absorbents, physical absorbents can be a
good rival for effective CO; removal (Fig. 5).2*
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Figure 5. CO; bulk removal capacity of ‘physical’ solvents com-

pared to the ‘chemical’ ones.?*

(1) Rectisol process, 253 K; (2) aMDEA process (50 wt. %), 343 K;
(3) MEA (25 wt. %), 333 K; (4) Purisol process, 313 K; (5) Selexol
process, 313 K.

Physical absorbents usually show their advantages for
gas mixtures containing very high partial pressures of COs-.
They tend to be chosen over chemical solvents while
operating under high pressures.

The technologies developed for CO»> removal using
physical solvents are, in principle, similar to those using
chemical solvents. The CO»,-bearing gas is typically con-
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tacted counter-currently with the absorbent in a packed or
tray tower. The advantage of this technology is that the
regeneration is performed by pressure reduction resulting in
much lower energy consumption and the absorbed CO: is
flashed into the vapour phase.’ The solvents are relatively
non-corrosive and, therefore, carbon steel can be used.?’
They could be a perfect choice but possess, however, several
disadvantages '> such as low CO, absorption capacity,
solvent losses, absorption of hydrocarbons and high circu-
lation rates resulting in higher capital and operating costs.

The main physical solvents used for CO, capture are
typically cold methanol (Rectisol process), N-methyl-2-
pyrrolidone (Purisol process), dimethyl ether of polyethy-
lene glycol (Selexol process) and propylene carbonate
(Fluor Solvent process).

The Selexol process has been one of the most often
applied acid-gas removal systems based on physical sol-
vents. Solvents containing DEPG [a mixture of dimethyl
ethers of polyethylene glycol CH30(C>H40),CHs, n is
between 2 and 9] are licensed and/or manufactured by
several companies including Coastal Chemical Company
(as Coastal AGR), Dow (Selexol) and UOP (Selexol).?*

The Rectisol process %27 seems to be the dominating
physical acid-gas scrubbing processes. This process, which
uses methanol as a solvent, was developed by Lurgi in
collaboration with Linde. The Rectisol process is very
adjustable and can be tailored by product specification or
process objectives.

4. Chemical mineral trapping
Trapping and long-term storage of CO, may be achieved by
mineral carbonation as an alternative to geological storage
in underground aquifers.?8-30

Naturally occurring silicate minerals that contain high
concentrations of magnesium oxide (MgO) and calcium
oxide (CaO) are serpentine and olivine.3! In this case
various carbonates can be formed such as calcite, magne-
site, dolomite, and siderite. This process may occur via
simplified reactions shown below.3?

COs (gas) === COz(aq.)

CO; (aq.) + HO == H,CO;

H.CO; === H™* + HCOj3

HCO; === H* + CO}~

Ca2* + CO3~ === CaCOj (calcite)

Ca?* + Mg?* +2C0O;- === CaMg(COs) (dolomite)
Fe2* + CO3~ === FeCO:; (siderite)

Mg2* + CO3~ == MgCOs (magnesite)

Binding carbon dioxide in carbonates can be carried out
through different processes, ranging from the most basic
accelerated weathering of limestone, where carbonates are
transformed to bicarbonate, to advanced multistep proc-
esses. All existing variations have inherently two main
processes namely direct and indirect carbonation.

Direct carbonation is a single process step, when both
the extraction of metals from the feedstock and the subse-
quent reaction with the dissolved carbon dioxide take place
in the same reactor. Indirect carbonation process is divided
into several steps. At first, the reactive component (usually
Mg or Ca) is extracted from the feedstock as oxide or

hydroxide. After that, it is made to react with carbon
dioxide to form the desired carbonates.?® In general, min-
eral trapping is controlled by pH and to a lesser extent by
CO; pressure and temperature. Basic conditions promote
carbonate precipitation, while acidic conditions favour
carbonate dissolution.??® It has been claimed that these
carbonate formations can be stored in saline aquifers for
millions of years.33 3% It is environmentally benign, perma-
nent storage of CO; by using abundant mineral resources.
This provides a leakage-free long-term binding of CO; in
contrast to undeground storage.

Conversion of CO, to stable carbonate in nature is,
however, slow; e.g. hundreds of years are needed in retro-
spect.?> Thus, mineral trapping contributes to CO» seques-
tration, but only in the long term.?? Another problem is the
destiny of the COs-containing end product. Thus, this
method has several disadvantages and is too expensive
compared to other CO, capture methods.

5. Adsorption

Adsorption takes place due to the significant intermolecular
forces between gases and the surfaces of certain solid
materials. Some solid materials with high surface areas,
such as activated carbon and molecular sieves (zeolites) 37
and new metal organic frameworks (MOFs) can be used to
separate CO, from gas mixtures by adsorption. These
adsorbents are normally arranged as packed beds of spher-
ical particles.38

The process operates with the basic adsorption and
regeneration steps on a repeated cycle. Gas is fed into a
solid bed in the adsorption step adsorbing CO; and allow-
ing other gases to pass through the bed. When the bed
becomes completely saturated by CO,, the feed gas is
switched to another adsorption bed and the completely
saturated bed is regenerated by removing the bound COa-.
Adsorption of a single gas or multiple layers of gases can be
carried out, depending on the temperature, partial pres-
sures, surface forces and adsorbent pore sizes.”

In the pressure swing adsorption (PSA) unit, the gas
mixture flows through the beds at elevated pressures and at
low temperatures until the adsorption of the desired com-
pound approaches equilibrium conditions at the bed exit
and the adsorbent is regenerated by pressure reduction.
Once regenerated, the beds are ready for another adsorption
cycle. In the temperature swing adsorption (TSA) process,
hot inert gas or external heat is used to regenerate adsorb-
ents by raising their temperature. In the electric swing
adsorption (ESA) process, regeneration takes place by
passing a low-voltage electric current through the adsorb-
ent. PSA and TSA are used commercially for gas separation
and also to some extent in hydrogen production and in the
removal of CO; from natural gas. It has been found that
PSA is superior to TSA in all cases due to the high-energy
requirements and low speed of regeneration in TSA. ESA is
not yet commercially available but it is anticipated to offer
the prospect of lower energy consumption than the other
two processes. Adsorption is not yet a highly attractive
approach for the large-scale industrial separation of CO»
since the available adsorbents have low capacity and selec-
tivity for CO> adsorption. The adsorption method may,
however, be successful when coupled to another capturing
technology.?>
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a. Adsorption by means of membranes

The differences in physical or chemical interactions between
gases and membrane material cause one component to pass
through the membrane faster than another component.
Multiple stages and/or recycle of one of the streams are
necessary to achieve high degrees of separation with the
membrane process. This leads to increased complexity,
energy consumption and costs. This technology is likely to
be more expensive compared to other capture techniques in
large scale installations. Several membranes with different
characteristics may be required to separate high-purity COo.
Various types of membranes are currently available, includ-
ing porous inorganic palladium, polymeric and zeolitic
membranes.

Gas separation and gas absorption membranes are the
two types of membrane processes of choice. In the former
case, the porous structure of the solid membrane permits
the preferential permeation of the mixture constituents. The
gas mixture containing CO; is introduced into the mem-
brane separator at elevated pressure and CO, passes pref-
erentially through the membranes and is recovered on the
shell side of the separator, at reduced pressure. Gas perme-
ability and membrane selectivity are the main parameters
considered for designing and operating a separation proc-
ess. Membranes for CO; separation from, for instance, flue
gases have not been widely explored because of the low
pressure of the flue gases. The atmospheric flue gas needs to
be pressurized to achieve the desired separation and the
costs are almost twofold higher than in the case of a
conventional amine capturing process because of the com-
pression energy.3’

On the other hand, gas absorption membranes are
microporous solids that are used as contacting appliances
between a gas and a liquid. The CO, diffuses through the
membrane and is removed selectively by an absorption
liquid such as an amine. This type of membrane is more
compact than the conventional membrane separators. In
contrast to the gas separation membranes, it is the absorp-
tion liquid, not the membrane that gives the process its
selectivity.3?

b. Adsorption by means of metal organic frameworks
Porous metal organic frameworks (MOFs) are constituent
constructions consisting of organic and inorganic building
blocks.*0~4! They are build of metal ions, their clusters or
metal oxides surrounded by polymeric clusters bridged by
organic ligands (Fig. 6).38-42

Recently, a potential interest was aroused by this type of
adsorbents considered as versatile CO; capturing
agents,3%-43 due to their unique properties such as high
surface area, high porosity, low crystal density combined
with high thermal and chemical stability.?® Comprehensive
knowledge on MOFs and their applications for CO; capture
are thoroughly collected in the reviews.38-41.43.44 The CO,
adsorption isotherms of different MOFs adsorbents have a
Langmuir-like behavior and show relatively high efficiency
(Fig. 7).4°

Different metals can expedite different CO, capturing
capacity. For example, among the series based on Zn,33 Li,
Ni, Cu, Co, Mg,3%-4! the MOFs with Mg showed the highest
CO; capture.?® The adsorption isotherms of different gas
mixtures were presented and separation mechanisms sug-
gested by Remy et al.4¢

Figure 6. Examples of MOFs: (IRMOF-1) obtained by the mod-
ular synthesis of metal oxide corners ZnsO and organic ben-
zenedicarboxylic acid linkers (a), Mg-MOF-74 [Mg,(DHBDC),
DHBDC is 2,5-dihydroxybenzene-1,4-dicarboxylate] (b), HKUST-
1 [Cu3(BTC),, BTC is 1,3,5-benzenetricarboxylate] (c).3®
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Figure 7. Adsorption isoterms of CO, for several MOFs at 298 K:
MOF-177 (1), IRMOF-1 (2), IRMOF-6 (3), IRMOF-3 (4),
IRMOF-11 (5), Cus (BTC), (6), MOF-74 (7), MOF-505 (8),
MOF-2 (10); for comparison data of the activated carbon Norit
RB2 (9).%

IRMOF-n is ZnOQs: n = 1, Q is BDC, (benzene-1,4-dicarboxylate
ligand); n = 3, Q is 2-aminobenzene-1,4-dicarboxylate; n = 6, Q is
2,3-cyclobutabenzene-1,4-dicarboxylate; n =11, Q is HPDC
(4,5,9,10-tetrahydropyran-2,7-dicarboxylate); MOF-2 is
Zn(BDC),, MOF-177 is ZnsO(BTB); (BTB, benzene-1,3,5-triben-
zoate); MOF-505 is Cuy(BPTC) (BPTC, biphenyl-3,3',5,5 -tetracar-
boxylate).
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CO; is meant to be trapped through the covalent
forces.4® The development of CO, removal processes based
on MOFs can be optimized through such key factors as
pore-size control, open metal sites, immobilized functional
groups and introduction of different cations.38

These adsorbents are reversible. Thus, the following
mechanism of chemisorption of CO, by CD-MOF-2, con-
sisting of the renewable cyclic oligosacchatide y-cyclodex-
trin and RbOH was proposed:4°

Depending on their specific composition, MOFs can be
regenerated at temperatures above 373 K 3% or some even at
room temperature.*? In order to obtain data on diffusivity
of guest molecules and heats of adsorption, a number of
molecular simulation approaches were applied.*!-47

Apart from efficiency of adsorbents their selectivity
comes as one of the important features. After comparing
selectivity for such gas mixtures as CO,—CHy (Fig. 8),
CO;—N; and CO,—-0s, it appeared that besides pore size
the selectivity is often related to the presence of highly polar
functional groups.*® For example, the NO,, CN and OH
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Figure 8. Comparative study of selectivity of CO, and CHg
sorption for CD-MOF-2.40

(1, 3, 5) CO; capture at 273, 283 and 293 K, respectively; (2, 4, 6)
CO; desorption at the same temperatures, respectively; (7, 8)
sorption and desorption of CHy4 at 298 K.

groups have high dipole moments and facilitate better CO»
capture and selectivity than other functional groups.3%-48
Moreover, the selectivity for different MOFs can be pre-
dicted by combining experimental data with the ideal
adsorbed solution theory model.*°

c¢. Zeolites and carbonaceous adsorbents: comparison in terms of
CO; capture

The adsorbents for carbon dioxide may be molecular sieve
materials (zeolites),’® activated carbons,’! activated char-
coals 32 or any other suitable absorbents. The gas purifica-
tion usually includes at least two absorbent materials,
activated carbon, molecular sieves, and/or silica gel, which
may be mixed together and/or be present as discrete
layers.>® As a rule, carbon dioxide is removed from the dry
air stream and, thus, the gas stream needs to be passed
through the silica gel bed (or any other process step to
remove the water in air) in which water is desorbed.

Silica gel typically has micropores in the range of
2—4 nm, which facilitates removal of small molecular
weight hydrocarbons and siloxanes [for example, com-
pounds with the molecular mass (MM) < 300 g mol—! for
hydrocarbons and MM < 225 g mol ! for siloxanes).?! The
value of CO, adsorbed for monosilane-functional Davison
grade 62 silica gel was around 0.36 mmol g—! (296 K,
1 bar) and decreased with a temperature increase. Pressure
elevation up to 12 bar provided a two-fold capacity
increase.*4

Among other solid adsorbents zeolites are attracting a
wide attention due to their numerious properties.** A
possible mechanism 3* of CO, adsorption on CaY-zeolite is
illustrated in Fig. 9. Among unmodified zeolites, zeolite 13
X was reported to have the highest CO; adsorption capacity
(3.5 mmol g—! at 298 K and pressure 1 bar).#*55 On the
contrary H-ZSM-5 with a different Si: Al ratio at similar
conditions provided a capacity of no more than
2 mmol g='35% The CO, loading capacity of zeolites
decreases with temperature rise. In case of the zeolite 13X,

[ INSSN N AVAY
/O /00 /00/ 0O 0O/ 00 O]

Figure 9. Suggested mechanism of CO, adsorption on CaY zeo-
lite.>
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a decline in CO» loading (from 4 mmol g—! to 2 mmol g—1!)
was observed when the temperature was increased from
273 K to 353 K.33

Activated carbon (AC) is a highly microporous material
with a large surface area. It is used as an absorbent in a wide
range of applications. Many activated carbons possess
internal surface areas in the region of 1200 m? g—!. This
material is manufactured by partial burn-off (pyrolysis) of
carbon-rich materials such as coal, wood and nut shells and
is then either steam or chemically activated to develop the
internal pore structure.’” In fact, any carbon-containing
material can be used as a precursor of such a product.
Activated carbon materials typically have large size micro-
pores, about 2 to 10 nm and, therefore, the materials can be
used for the removal of the high-molecular-mass hydro-
carbons (for example, compounds, which have the
MM > 300 g mol—') and high-molecular-mass siloxanes
(with MM > 225 g mol—1).33 In terms of CO, adsorption,
activated carbon is less efficient than zeolite 13X at low
pressures (Fig. 10).>31 However, since its efficiency

7.98
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2 4 6 8 10
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Figure 10. Adsorption isotherms of CO» on activated carbon (/)
and zeolite 13X (2) at 298 K.>!

increases with increasing pressure, in the pressure range
exceeding 5 bar, the CO, capture of AC exceeds by far that
of ZEO 13X due to more extended surface area and specific
pore volume (see Fig. 10). Similar results were shown by
Siriwardane et al.’® There is a number of papers devoted to
amines immobilized on zeolites in order to improve CO>
capturing efficiency.** A remarkably high CO, uptake of
110 mg g—! (298 K and 1 bar) for N-enriched activated
carbon was reported by Thote et al.>® However, the results
of Bezerra et al. demonstrated a decrease in efficiency after
MEA impregnation (Table 1).5! In case of zeolite 13X, the
decrease was on average 1.5 times at 298 K and at 348 K.
Similar behaviour was obtained for activated carbon at
298 K. However, at higher temperatures (348 K) the system
was less sensitive and the CO, loading for amino-impreg-
nated activated carbons increased on average twice in the
pressure range from 0.1 bar to 10 bar. This behaviour was
explained by extensive chemisorption on the surface of
impregnated samples to form carbonates.>> Activated car-
bon materials are utilized in several gas separation applica-
tions, but the drawback of using them is the low selectivity

Table 1. Comparison of CO» adsorption efficiency (mg CO; per 1 g of
adsorbent) for solid adsorbents before and after amine impregna-
tion.!

Adsorbent Adsorbed amount of CO»

298 K 348 K

0.1 bar 1bar 10bar 0.1 bar 1bar 10 bar
AC 10 83 340 3 31 156
AC/MEA 8 45 214 7 75 260
Zeolite 13X 83 206 255 54 142 197
Zeolite 13X/MEA 74 136 162 26 94 180

of carbon dioxide over methane, which may limit their use
in CO; removal.

To summarize, one can conclude that at low pressures
(1 bar), the efficiency of adsorbents in terms of CO; capture
varies in the following order: modified silica gel < activated
carbon < MOFs < 13X zeolite. =~ At  higher pressures
(10 bar), some alterations can be observed in this order
due to abovementioned material characteristics: modified
silica gel < 13X zeolite < activate carbon < MOFs.

6. Cryogenics

Cryogenics is a low-temperature separation technique.
Cryogenic separation of a gas mixture involves compressing
and cooling down the CO, bearing gas mixture in several
stages in order to induce phase changes in CO, and,
invariably, other mixture components in the case of, for
example, flue gases. A major disadvantage of cryogenic
separation of COs; is its inherent energy intensiveness to
provide the refrigeration necessary for the process, partic-
ularly for dilute gas streams. Another disadvantage is the
possible plugging of solid CO» clusters and ice formation
from the water vapour freezing in the CO, feed mixture.
Cryogenic separation has, however, the advantage of ena-
bling direct production of liquid CO». This liquid CO» could
be easily transported and shipped to the storage. Cryogenic
separation is widely used in commercial operations for
purification of CO; from streams which contain high CO;
concentrations (typically >90%). It is not normally used
for more dilute CO; streams, although it has recently been
claimed © that CO; can be captured (by freezing it as a
solid) from flue gases being under atmospheric pressure.
The most promising applications for cryogenics are
expected to be for separation of CO; from high-pressure
gases, which occur in pre-combustion capture processes, or
in oxyfuel combustion in which the input gas contains a
high concentration of CQO,.%0

I11. New processes for removing CO; using ionic
liquid absorbents

1. Comparison of ionic liquid absorption with chemical and
physical absorptions

Since both chemical and physical solvents are operating
under different conditions and have certain limitations, it
would be desirable to have a CO> removal process that
would merge their versatile advantages and depreciate
intrinsic drawbacks. Thus, an ideal CO, capturing sorbent
should be able to provide such properties as fast adsorption
and desorption kinetics, stability and regenerability. In



442

E I Privalova, P Miki-Arvela, D Yu Murzin, J-P Mikkola

addition, a large sorption capacity and a wide tunable range
of operational conditions in order to adjust to the process
requirements should be realized.**

Tonic liquids have been identified as a novel alternative,
not only as solvents but also as candidates for other
applications such as gas purifications. The typical charac-
teristics of ionic liquids are tackled briefly in Section I11.2.a.
Thus, ionic liquids represent a new, clean and potentially
green technology offering the promise of minimized waste
streams, atom efficient operations and, therefore, environ-
mental and cost benefits.

The concept of absorption of CO» in ionic liquids based
on their unique properties providing some advantages over
the traditional processes such as a high level of CO
absorption, while hydrocarbon co-absorption and corro-
sion problems are advantageously minimized. Moreover,
the magnitude of solvent losses and regeneration energy are
remarkably low compared to abovementioned processes.

Recently, ionic liquids were explored to be used in gas
separation processes. lonic liquids containing a carboxylate
moiety have considerable preferences for CO, removal.!?

Pure CO;, loading curves for several solvents as a
function of CO; partial pressure, at room temperature, are
introduced in Fig. 11.'2 Under the studied conditions, the
favoured chemical solvents are aqueous amines (curves
1-3, Fig. 11), all of which possess the highest volumetric
CO: loadings over the entire pressure range. The physical
solvents listed here (curves 6 — 10, Fig. 11), all display lower
volumetric CO; loadings than chemical solvents. It is
essential that their loading curves are linear over the entire
pressure range, whilst CO5 is physically dissolved without
chemical forces.

The behaviour of ionic liquids containing different
anions differs and is characteristic of either chemical
(curve 4, Fig. 11) or physical solvents (curve 5, Fig. 11).
For instance, 1-butyl-3-methylimidazolium acetate [bmi-
m]OAc acts mostly as a chemical solvent, while 1-butyl-3-
methylimidazolium tetrafluoroborate [bmim][BF4] tends to
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Figure 11. Absorption isoterms of CO, by different solvents at
297 K.'2 (I) Aqueous MDEA (50 wt %), (2) aqueous MEA (30
wt %), (3) aqueous MEA (15 wt %), (4) aqueous [bmim]OAc (14
wt % H»0), (5) aqueous [bmim][BF4] (0.2 wt % H»0), (6) Selexol,
(7) N-acetylmorpholine (NAM), (8) aqueous N-formylmorpholine
(NFM) (0.2 wt % H»0), (9) aqueous solution (1:1) NAM-NFM
(3.0 wt % H»0), (10) water; bmim is 1-butyl-3-methylimidazolium.

be a physical solvent. Thus, a search for proper ionic liquids
for gas separation will provide a new class of solvents
superior to classical chemical absorption processes.!?

2. Properties and synthesis of ionic liquids

a. Characteristic properties of ionic liquids

Tonic liquids are a category of compounds which are made
up of ionic species. Moreover, they should remain liquids at
or below process temperatures. The simplest ionic liquids
consist of a single cation and a single anion.

The properties of ionic liquids can be tailored by varying
the cation and anion pairing (Fig. 12).6! One should men-
tion the general progression of the changes in IL properties
with anion type: the combination containing [AICl4]~ is
sensitive to moisture and air, being reactive to water. The
combinations containing other anions (see Fig. 12) are both
air- and water-stable. For the second type of compounds,
decreasing coordinating ability and increasing hydropho-
bicity emerge as characteristic features.

Cations:
R? RS
R! )\ R3 R* R R! R!
\N®N/ = ‘ . ‘/RZ +1L/R2
+
R N\R1 R+~ TR} R R
R3 R*
R2

R’ =H, Alk, substituted Alk
Anions: [AICly]—, C1—, Br—, I=, NO3, SOi ", CF5CO5,
CF3S05 (TfO ™), [BF4] ~, [PFe] , [(CF3502)N]~(Tf2N )

Figure 12. Examples of common cation and anion pairs used in the
formation of ionic liquids.®!

Favoured ILs are non-volatile and often thermally
stable up to over 623 K, which can minimize solvent losses
due to evaporation and environmental release. Low vola-
tility also adds a safety benefit by ensuring that the flash
point for combustion is high. Chemicals can be recovered
from non-volatile ILs by distillation/sublimation and per-
vaporation. On the other hand, non-volatility also means
that typical ILs cannot be purified by distillation.®!

ILs can be distinguished from higher temperature mol-
ten salts in several ways, i.e. ILs exhibit several types of
coordination possibilities, e.g. through hydrogen-bond
donor and acceptor functions, dipole interactions, CH-
aromatic packing and adjustable co-solvent miscibility
ranging from miscible to immiscible with polar solvents
(i.e., water) as well as with non-polar liquids.®!

b. Synthesis of ionic liquids

The synthesis of ionic liquids consists of several steps.
Combining a nitrogen-containing heterocyclic ring, prefera-
bly a heteroaromatic ring, with an alkylating agent (for
example, an alkyl halide) provides formation a quaternary
ammonium salt, followed by an ion exchange reaction with
various Lewis acids (most notably AICl3) to form ionic
liquids. There is a number of heteroaromatic rings suitable
for this purpose such as pyridines, imidazoles, pyrroles and
their substituted derivatives. These rings can be alkylated
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with virtually any C;_»0 groups. Essentially, groups larger
than Cjyp tend to produce low melting solids rather than
ionic liquids.'?

Plenty of counter-ions can be involved in the synthesis of
ionic liquids and, consequently, in affecting their properties.
Among the anions, the most often used ones contain
tetrachloroaluminate, tetrabromoaluminate, tetrachloro-
gallate, tetrafluoroborate, hexafluorophosphate, nitrate,
trifluoromethanesulfonate, methanesulfonate, p-toluenesul-
fonate, hexafluoroantimonate, hexafluoroarsenate, perchlo-
rate hydroxide, dichlorocuprate, trichloroferrate or tri-
chlorozincate anion, as well as various lanthanum, nickel,
cobalt, manganese and other metal ions.!?

The synthesis of ionic liquids can generally be split into
two sections: the formation of the desired cation, followed
by an anion exchange, thus leading to the final, desired
product. The synthesis of ILs for ammonium salts is
demonstrated below.6?

Lewis acid, MX, ,
, > [NRsR'J*[MX, 1]~

R'X ,
NR; —> [NR;R']*X~ —

a,orb,orc

[NR;RT*[A]~

(a) metal salt MA (—MX), (b) Bronsted acid HA (—HX),
(c) ion exchange resin

In some cases only the first synthesis step of an IL is
required. This is the case, for instance, in the synthesis of
ethylammonium nitrate. In many cases, the desired cation is
commercially available at reasonable cost, most commonly
as a halide salt. Thus, only an anion exchange (anion
metathesis) is required for the formation of the final ionic
liquid. However, this methodology has two drawbacks: first
of all, large amounts of waste halide salts are formed and,
secondly, the resulting ionic liquid almost inevitably con-
tains residual halide contamination. Examples of these are
the symmetrical tetraalkylammonium salts and trialkylsul-
fonium iodide.

The formation of the cations may be carried out either
via protonation with a free acid or by quaternization of an
amine or a phosphine, most commonly with a haloalkane.
The protonation reaction, important in the formation of
salts such as ethylammonium nitrate, involves the addition
of 3M nitric acid to a cool, aqueous solution of ethyl-
amine.®? The alkylation process possesses the advantages
that (i) a wide range of cheap haloalkanes are available, and
(i1) the substitution reactions generally occur smoothly at
reasonable temperatures. Furthermore, the halide salts
formed can easily be converted into salts with other anions.
The quaternization reactions are extremely simple: the
amine (or phosphine) is mixed with the desired haloalkane,
and the mixture is then stirred and heated. The reaction may
be carried out with chloroalkanes, bromoalkanes, and
iodoalkanes. The most important requirement to perform
quaternization reaction is to keep reaction mixture free of
moisture, since the products are often extremely hygro-
scopic. Quaternization reactions between 1-alkylimidazoles
and methyl triflate,®* trialkylamines and methyl tosylates,®?
and triphenylphosphine and octyl tosylate > have also been
used for the direct preparation of ionic liquids. In principle,
any alkyl compound containing a facile leaving group may
be used in this manner.

The anion-exchange reactions of ionic liquids can be
divided into two distinct categories: direct treatment of
halide salts with Lewis acids and the formation of ionic
liquids by anion metathesis. These two approaches are dealt
with separately, as quite different experimental methods are
required for each.%?

The most common method for the synthesis of ionic
liquids by anion-exchange reaction is simple mixing of the
Lewis acid and the halide salt. Some ionic liquids have been
prepared by treatment of halide salts with metal halides
which are not usually considered as Lewis acids. Examples
of these include salts of the type [emim];[MCls] (M = Co,
Ni) %¢ and [emim]; [VOCl4] ([emim] is 1-ethyl-3-methylimi-
dazolium).%” These are formed by treatment of two equiv-
alents of [emim]Cl with one equivalent of MCl, and VOCl,,
respectively.

Metathesis reaction is applied for the preparation of
relatively air- and water-stable ionic liquids. Iodide [emim]I
reacts with a range of silver salts (AgNO3, AgNO,, AgBF4,
AgOAc, and Ag>SO4) in methanol or aqueous methanol
solution. This method ©? is most efficient for the synthesis of
water-miscible ionic liquids, but is obviously limited by the
relatively high cost of silver salts, and also the large
quantities of solid by-products are produced. Moreover, as
already stated, residual halide contamination is expected.

The main goal in all anion exchange reactions is the
formation of the desired ionic liquid uncontaminated with
unwanted cations or anions, a task which is easier for water-
immiscible ionic liquids. The most common approach for
the preparation of water-immiscible ionic liquids is firstly to
prepare an aqueous solution of a halide salt of the desired
cation. The cation exchange is then carried out either with
the free acid of the appropriate anion, or with a metal or
ammonium salt.

c. Gas solubilities in ionic liquids and gas separation

A wide variety of physical properties are important in the
evaluation of ionic liquids for potential use in industrial
processes. Knowledge of the phase behaviour of ionic
liquids with gases, liquids, and solids is necessary to assess
the feasibility of their use for reactions, separations, and
processing materials. High solubility or selective solubility
of the desired gases might make ILs quite attractive.

The solubilities of many gases in normal liquids are
quite low and can be adequately described at ambient
pressure or below it by Henry’s law. The Henry’s law
constant (H) is defined as

L
H(T,p) = lim f—, (1)

x—=0 X

where x is the mole fraction of gas in the liquid and T is the
fugacity of the gas in the liquid phase. If the gas phase
behaves ideally (i.e., the fugacity coefficient is close to 1),
then the fugacity is equal to the pressure of gas above the IL
sample, i.e. there is essentially no IL in the vapour phase,
due to its non-volatility. Experimentally, the Henry’s law
constant can be determined from the limiting slope of the
solubility as a function of pressure. A large Henry’s law
constant indicates low gas solubility, and a small Henry’s
law constant indicates high gas solubility.

Temperature is an important factor influencing the gas
solubility. The differential molar enthalpy (A/) and entropy
(As) changes can be determined as follows:
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— Olnp
= — e =
Ah=h —h R(O(I/T)>X’ 2)
- Olnp
N - S
As=s —s R (a o T),\»’ 3)

where & and 5 and are partial molar enthalpy and partial
molar entropy of a gas in the mixed liquid state, 4i¢ and s'¢
are enthalpy and entropy of a pure (ideal gas state) gas, R is
the universal gas constant, p stands for partial pressure of a
gas and 7 is temperature.

Thus, Ah and As can be obtained by determining the
pressure required to achieve a specified solubility at several
different temperatures and constant composition x. In the
Henry’s law region, A4 and As can be found directly from
the temperature dependence of the Henry’s law constant, as
given by van’t Hoff equations:

Oln H
Ah=R(=E2) 4
(aa/T))p @

Oln H
As = —R(a o T)p. 5)

The enthalpy and entropy of gas dissolution in the IL
provide information about the strength of the interactions
between the IL and the gas, and about the ordering which
takes place in the gas—IL mixture, respectively.®?

CO; has by far the highest solubility of all the tested
gases (with the exception of water vapour), as can be seen
below,%? which gives the Henry’s law constants of the
various gases in [bmim][PFg] at 298 K.%¢ CO, solubilities
reached values as high as 70 mol.% under high pressures.®®

Gas H /bar Gas H /bar
CO» 534+0.3 (o)) 8000 + 5400
CoHy 173+ 17 Ar 8000 =+ 3800
C,>Hg 355436 H> non-detectable (> 1500)
CHy 1690 & 180 N> the same (> 20000)
CO " (>20000)

The solubility of CO, was determined for MEA solution
and the dependence of Henry’s law constants for CO, and
CH4 can be represented by the following Eqns (6) and
(7):69—71

8477.711
In Heo, = 170.7126 — ———— —21.95743 - In T+ (6)
+0.005781 - T,
7837 1.5090 x 10°  2.060 x 10’
In Hey, = 5.1345 +T - 7 + 73 . (D

It means that, at room temperature, the values of
Henry’s law constants for CO, and CH4 are approximately
1604 bar and 2.387 x 10!° bar, respectively. Such calcula-
tions are indicative of better solubility of natural gas
components in ionic liquids than in amine solutions.

Many ILs are suitable as solvents for gas separations
since they are frequently non-volatile and, thus, cannot
evaporate and cause contamination of the gas stream. This
is important when selective absorbing media are used in
conventional absorbers, or when ILs are used in supported
liquid membranes. For conventional absorbers, the ability

to separate one gas from another depends entirely on their
relative solubilities (i.e. the ratio of Henry’s law constants)
in a liquid. In addition, ILs are particularly promising for
supported liquid membranes, because they have the poten-
tial to be very stable. Supported liquid membranes contain-
ing conventional liquids will probably deteriorate because
the liquid slowly evaporates.’?

3. Types of ionic liquids used for CO; capture
There are different categories of ionic liquids, which will be
described in more detail in the sequel:

— room-temperature ionic liquids;

— task-specific ionic liquids;

— poly(ionic liquid)s;

— ionic liquids based on Jessop’s ‘switchable solvent’-
concept.”?

a. Room-temperature ionic liquids

Room-temperature ionic liquids (RTILs) are organic salts
which melt near room temperature. RTILs generally include
bulky low-symmetry organic cations with a delocalized
charge, which causes their low melting points (see
Fig. 12).6! The ionic liquid anions are more symmetrical
and generally smaller than the cations. Common anions
include hexafluorophosphate (PF¢), tetrafluoroborate
(BFy), and [bis(trifluoromethylsulfonyl)imide] (Tf2N"), to
mention a few.

RTILs are usually non-flammable, have high thermal
stability, and a wide liquid range.”®7> Furthermore, RTILs
have negligible vapour pressure; therefore, they are consid-
ered to be ‘green’ solvents which could, in certain cases,
replace conventional volatile organic solvents in many
reaction and separation processes. The properties of
RTILs, such as melting points, viscosity, density, and gas
and liquid solubilities, can be adjusted via the appropriate
choice of cation and anion.”® The incorporation of this
functionality should result into the salt with a capacity to
behave not only as a reaction medium but also as a reagent
or catalyst in some reactions or processes.

RTILs may be used for CO; separations, due to sub-
stantial solubility of CO, in RTILs.”’~7° The following
mechanism for enhanced CO> solubility in imidazolium
acetate ionic liquids was proposed.”’

CO; solubility was studied for several ionic liquids
containing alkylimidazolium cation and such anions as
[BF4]—, [PFs]—, [TfaN]—.80 It appeared that the anion
dominates the interaction with the CO,, and the cation
plays a secondary role. The major factor controlling CO;
solubility in this class of ionic liquids is therefore the nature
of the anion. The association of CO, with the anion is the
best indicator of CO, solubility in alkylimidazolium-based
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Table 2. Henry’s law constants of CO, in different ionic liquids at different temperatures.”®
Tonic liquid Henry’s law constant /bar
283K 293K 298 K 303K 313K 323K
[bmim][Tf>2N] 28+2 30.7+0.3 343+0.8 42+2 45+£3 S1+2
[pmmim][Tf2N] 29.6+0.6 3443 38.5+£0.9 40.4+0.6 46+£3 53+2
[bmpy][Tf2N] 26+ 1 31.240.1 3341 3542 41+4 4641
[F-hmim][T£N] 25.540.2 292404 312 3242 36+4 42+2
[bmim][BF4] 41.9£0.2 5242 5642 63+2 73+1 84+4
ILs.80 Changes in the imidazolium cation involving alkyl /@\ /@\ /@\
groups are .expected to have relatively little influence on Me/N\/N\Et Me/N\/N\Pr“ Me/N\/N\Bu“
CO; solubility. [emim] [pmim] [bmim]
Values for the Henry’s law constants for CO;, in the

N . . .. .6+0.44 + 4.3+0.
tested ionic liquids are listed in Table 2, where the ionic 3560 3TET 34308
liquids are 1-n-butyl-3-methylimidazolium bis(trifluorome- =\ =\
thylsulfonyl)imide ([bmim][Tf>N]), 1,2-dimethyl-3-propyl- /N® N /N®N\
L . . . .. - Me Et Me Prm
imidazolium bis(trifluoromethylsulfonyl)imide ([pmmim]. Y
ATH:N]), 1-butyl-3-methylpyridinium  bis(trifluoromethyl Me Me
sulfonyl)imide ([bmpy]["l".sz]),. 1-rpethyl-3-(3,3,4,4,5,5,6,6- [emmim] [pmmim]
octafluorohexyl)imidazolium bis(trifluoromethyl sulfonyl)-

39.6£0.03 38.5£0.9

imide ([F-hmim][Tf2N]), and 1-n-butyl-3-methylimidazo-
lium tetrafluoroborate ([bmim][BF4]).7® Smaller values
correspond to higher solubility of CO,, at the same pres-
sure. A comparison of CO5 solubilities in [bmim][Tf>N] and
[bmim][BF4] in Table 2 clearly illustrates that CO, is con-
siderably more soluble in [bmim][Tf;N] than in
[bmim][BF4]. Thus, CO; solubility is higher in ionic liquids
with [Tf2N] anions than in ionic liquids with [BF4] anions.
The results also show that ionic liquids with the [Tf;N]
anion have similar CO; solubilities, implying that the ionic
liquid anion has a stronger effect on CO; solubility than the
cation.”® The CO; solubility for ionic liquids with [Tf>2N]
anion increases in the following order:

[pmmim] < [bmim] < [bmpy] < [F-hmim].

CO; is more soluble in [bmim] compared to [pmmim]
because of the combination of the steric factors. It was
established that these weaker inter-ion interactions can
increase interactions between CO, and the anion, resulting
in an increase in CO; solubility.”® As a consequence, the
high CO; solubility in [bmpy] can be explained by the ability
of the larger pyridinium ring to distribute and stabilize the
cation charge better than the imidazolium ring.

The highest CO, solubility was observed for
[F-hmim][Tf,N]. It is currently not understood what is the
ultimate reason for this behaviour. As has been reported in
the literature, an increase in COs solubility generally takes
place when the length of the alkyl side chain on the cation is
increased. The reason for this is the increased free volume
available for CO,, as well as a decrease in cation—anion
interactions.3!-82 However, in the case of [F-hmim] cation,
the increase in free volume resulting from the long alkyl side
chain is counter-effected by the large F atoms in the side
chain. It is possible that the fluorine atoms also have an
impact on the distribution of charges in the cation, thus
influencing the strength of the cation —anion interactions. A
comparison of the effect of the number, size, and position of
alkyl groups on CO; solubility in imidazolium-based ionic
liquids (Hco,) with an anion [TfoN] at 298 K can be seen
below:7¢ i

An additional methyl group in the imidazolium ring
reduces the CO, solubility because of reducing the free
volume available for CO,, which can be noticed after the
comparison of Henry’s law constants for IL with [emim] to
[emmim] and [pmim] to [pmmim], correspondingly. Taking
into account the large uncertainty in the value reported for
[pmim][Tf,N], the results are generally consistent with the
trends reported in the previous studies: CO> solubility
increases as the length of the alkyl chain in [Crmim][Tf>2N]
ionic liquids increases.®!-82 This observation can be
explained by the increase in the free volume and the
decrease in cation—anion interactions.

The effect of temperature on CO; solubility can be
related to the partial molar entropy and partial molar
enthalpy of dissolution (Eqns 4 and 5).83 These values are
listed in Table 3 and the values for CO» dissolution in ionic
liquid containing [BF4] were larger than those for ionic
liquids with [Tf, N] anions, whereas solubility was the
highest in the [Tf>N] ionic liquids.

Table 3. Partial molar entropies and enthalpies of CO, dissolution,
and Henry’s law constants (H ), in ionic liquids.”®

Tonic A5 co, Al co, H (298K)
liquid /I mol—! K—! /kJ mol—! /bar
[E-hmim][TE,N]  —29+5 —9+2 3142
[bmpy][Tf>N] 3443 ~10.440.9 33+1
[bmim][Tf>N] —40+13 —12+4 343+0.8
[pmmim][Tf2N] —36+£5 —11+£1 38.5+£0.9
[bmim][BF4] —44+5 —14+1 5642

It was revealed that the results with [pmmim][Tf,N] are
an exception to this trend. The feasible reason is the impact
of the extra methyl group in the imidazolium ring on the
ordering of CO; in the ionic liquid. The partial molar
enthalpies of dissolution in [pmmim][Tf;N] and [bmim)].
[Tf2N] are quite similar, which indicates similar interaction
forces between CO-, and these ionic liquids. Since enthalpy
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and entropy valves are rather uncertain, all conclusions
drawn are rendered highly speculative.”®

RTILs can be regenerated, which can be carried out e.g.
by introducing N», followed by system evacuation at high
temperature (343 K) to draw the absorbed CO, out of the
ionic liquid. RTILs can, thus, be used for CO, separations.
Technology utilizing RTILs for CO»-based separations has
not yet been adopted by industry. Feasibility reports have
shown that CO, separations with RTILs may become
economically viable processes in the future.®4

b. Task-specific ionic liquids

Task-specific ionic liquids (TSILs) are ionic liquids in which
a functional group is covalently combined into the cation or
anion (or both) of the IL. The definition of TSILs extends
to ‘conventional’ ionic liquids to which ionic solutes are
dissolved introducing a functional group into the liquid.
Therefore, when added to a ‘conventional’ ionic liquid,
these solutes become integral elements of the overall ion
mixture. They can be regarded as elements of the ionic
liquid as a whole, making the resulting material a TSIL.

TSILs can be regarded as liquid versions of solid-
supported reagents.

The structure of the TSIL can consist of two elements.
The first element is a core, which bears the ionic charge; the
second element contains the substituent group. On the
contrary to the well documented chloroaluminate ionic
liquids, established TSILs contain large species in which
the functional group is cation-tethered. Consequently, TSIL
synthesis is based on the synthesis of salts containing
functionalized cations.®?

R\N/\\

N R OHal —>
P AN
RS NTSTR Hae MY RSN TR v

\—/ MR\

R = Me, Bu®; R’ is functional group

The general principles outlined are pertinent to the
synthesis of functionalized anions as well.®?

The incorporation of functional groups into an ion
selected for further use is often a multi-step process. Con-
sequently, several aspects must be considered in planning
the synthesis of the ion, like the choice of the cationic core.
The core of a TSIL cation may be as simple as a single atom
(N, P, or S) as found in ammonium, phosphonium, or
sulfonium ions, respectively. Alternatively, it may be (and
often is) a heterocycle (e.g. imidazole or pyridine). The
choices play a large role in determining both the chemical
and physical properties of the resulting salt. For example,
ionic liquids formed with phosphonium cations generally
exhibit the greatest thermal stability, but, at the same time,
commonly possess melting points higher than those of salts
of other cations.®> Thus, if the desired ionic liquid is to be
used in a process intended to be conducted at 273 K, it may
be very challenging to build the cation around a phospho-
nium ion.

The synthesis usually consists of two steps (Scheme 1).
Step one is the conversion of the primary moiety into the
functional group of interest. Step two involves quaterniza-
tion of imidazole ring by alkylation at N(3).%?

Scheme 1

2 steps
— =

1 st
step N

2 steps
L >

R,R' = Al;X =0, S

The types of functional groups incorporated into TSILs
can often be based on e.g. nitrogen, oxygen, or phosphorus
ionic liquids containing imidazolium cations with
polyfluoroalkyl substitutes.

Although TSILs melt at high temperatures (333 —423 K
range), they exhibit interesting chemistry when combined
with conventional ILs. Their solubility in conventional ionic
liquids is rather limited (saturation concentrations of about
5 mmol litre—'), but fluorous TSILs apparently form
micelles in the ILs. A conventional ionic liquid doped with
a fluorous TSIL can be mixed with perfluorocarbons and
extremely stable emulsions can be formed. Consequently,
these may then be of use in the development of two-phase
fluorous/ionic liquid reaction systems.®> As in the case of
many other TSILs reported so far, these compounds are
prepared by direct treatment of 1-alkylimidazoles with a
(polyfluoro)alkyl iodide, followed by anion metathesis.

c. Poly(ionic liquid)s
The ionic liquids in polymeric forms are solid at room
temperature. However, they exhibit significantly increased
CO; sorption capacity compared to ionic liquids. For
example, the polymers of tetraalkylammonium-based ionic
liquids have CO; sorption capacities 6.0—7.6 times higher
than room temperature ionic liquids. These polymers are
very often used as sorbents and membrane materials for
CO; separation.$¢

Poly(ionic liquid)s are typically synthesized by free
radical polymerization of their corresponding ionic liquid
monomers using AIBN (azobisisobutyronitrile) as an ini-
tiator.”? The structure of the polymers, poly[p-vinylbenzyl-
trimethylammonium tetrafluoroborate] (P[VBTMA][BF4]),
poly[2-(methacryloyloxy)ethyltrimethylammonium  tetra-
fluoroborate] (PIMATMA][BF4]), poly[1-(p-vinylbenzyl)-3-
butylimidazolium tetrafluoroborate](P[VBBI][BF4]) or
bis(trifluoromethylsulfonyl)imide (P[VBBI][Tf2N]), and
poly[1-(2- methacryloyloxy)ethyl-3-butylimidazolium tetra-
fluoroborate] (PIMABI][BF4]) are depicted in Fig. 13.86

The CO; sorption kinetics of the polymers, their corre-
sponding monomers and a room-temperature ionic liquid
[bmim][BF4] is shown in Fig. 14.8¢ At equilibrium, the
polymers took up 10.22 mol.% (P[VBTMA][BF4]),
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Figure 13. Structures of the poly(ionic liquid)s: P[VBTMA][BF4]
(a), PIMATMA][BF4] (b), P[VBBI][BF4] (¢), P[VBBI][Tf:N] (d),
P[MABI][BF4] (e).%¢
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Figure 14. Sorption kinetics of CO> by the polymers in Figure
13a—e (I)—(5), their corresponding monomers [VBTMA][BF4] (6),
[MATMA][BF,] (7), [VBBI][BF4] (8), (MABI][BF4] (9) and ionic
liquid [bmim][BF4] (10) as a function of time at 295 K and 0.8 bar
COz.x(’

7.99 mol.% (P[MATMA][BF4]), 2.27 mol.% (P[VBBI].
.[BF4] or P[VBBI][Tf>N]), and 1.80 mol.% (P[MABI][BF4])
of CO; in terms of their monomer units. Further, room
temperature ionic liquid [bmim][BF4] only absorbed 1.34
mol.% of CO; under the same conditions. Their monomers,
[VBTMA]BF4], [MATMA][BF4 ] and [VBBI][BF,4] did not
absorb CO» at all because of their crystalline structures. The
[MABI][BF4] monomer is a liquid at room temperature and
has the same CO; absorption capacity as [bmim][BF4]. This
comparison shows that simply making the ionic liquids into
polymeric forms can significantly increase the CO» sorption
capacity. CO» sorption capacities are also significantly
higher than those for other polymer solids such as poly-
methacrylates, polystyrene and polycarbonates.37 89

The type of cation plays a major role for the CO;
sorption capacity. For example, tetraalkylammonium-
based poly(ionic liquid)s (curves I, 2) exhibit much higher

CO, sorption capacity than the imidazolium-based
poly(ionic liquid)s (curves 3, 4, 5) (see Fig. 14). The tetra-
alkylammonium cation has a high positive charge density
and thus strong interaction with CO,. In contrast, the
positive charge of the imidazolium is delocalized. The
anions have little effect on the CO; sorption capacity. For
example, the following poly(ionic liquid)s; P[VBBI][BF4]
and P[VBBI][Tf2N] (curves 3, 4) had the same CO; sorption
capacity.

The sorption rates of these polymer particles are very
fast (Fig. 15).8¢ In a few minutes these polymers reached
95% of their sorption capacities. In contrast, more than
400 min were needed for room temperature ionic liquids
[MABI][BF4] and for [bmim][BF4 ] to reach the equilibrium
state.8¢
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Figure 15. Sorption kinetics of CO» (I) (0.8 bar CO», 295 K) and its
release under vacuum (II) of following poly(ionic liquid)s
P[VBTMA][BF.] (1) and PIMATMA][BF.] (2).8¢

The desorption of carbon dioxide from poly(ionic
liquid)s is also fast (see Fig. 15). Under vacuum, the
polymers released CO; in less than 15 min. The desorption
was complete, and no changes in sorption—desorption
kinetics and sorption capacity were observed after four
cycles of sorption—desorption experiments, suggesting that
the sorption—desorption was completely reversible. In con-
trast, the desorption of ionic liquids (e.g. [bmim][BF4]) was
very slow (Fig. 16).8¢
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Figure 16. CO; sorption (/) and desorption (2) of [bmim][BF4].8¢
(1) 0.8 bar CO», 295 K; (2) under vacuum.
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Figure 17. CO; loading of P[VBTMA][BF4] at different CO; pres-
sures (295 K).8¢

The CO> sorption of P[VBTMA][BF4] as a function of
pressure is shown in Fig. 17. The sorption -capacity
increased with the increase of the CO, pressure. For
example, P[VBTMA][BF4] absorbed 44.8 mol.% of CO,
(in terms of its monomer units), at 12 bar of CO, pressure.
This value is much higher than that of monomeric room
temperature ionic liquids.8¢

The fast absorption—desorption rates suggest that the
diffusion of CO; inside the polymer solids is very fast. The
bulk of the polymer particles plays a major role in the CO,
sorption. Therefore, the CO, sorption of the polymer
particles involves stronger absorption in the bulk but less
adsorption on the surface.

The CO, absorption of the polymers is very selective
(Fig. 18). No weight gain was observed when the polymers
were exposed to Nz or Oz under similar conditions.”?
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Figure 18. Gas sorption of P[VBTMA][BF4] as a function of time
at 0.8 bar, 295 K.72
(1) CO2, (2) N2, (3) O2.

Presence of moisture could slightly decrease the CO»
absorption capacity. For example, wet P[VBTMA]BF4]
with 13.8 mol.% water had a CO, absorption capacity of
7.9 mol.%, which was lower than that of dry
P[VBTMA][BF4] (10.22 mol.%).8¢

The poly(ionic liquid)s are a class of novel polymer
materials, which selectively absorb CO, with higher absorp-

tion capacity and faster absorption—desorption rates than
classical room temperature ionic liquids. These character-
istics properties make these polymers exceptionally promis-
ing as absorbents and membrane materials for CO>
separation.

d. Ionic liquids based on Jessop’s ‘switchable solvent’ concept
A switchable solvent is a solvent in which one of its physical
characteristics can be switched from one form to another. *°
CO; binding organic liquids (CO2BOLs) based on Jessop’s
‘switchable solvents’” — mixtures of an alcohol °!' =97 and an
amidine such as diazabicyclo[5.4.0]-undec-7-ene (DBU) or
guanidine base — chemically bind CO, to form an
amidinium or guanidinium alkyl carbonate salt®%-98.99
(Scheme 2).

Scheme 2

CO» H.. -2 R
O—N + ROH N~ \o)\o/
N_) )

Novel CO,BOLs bind chemically CO, with high volu-
metric and gravimetric capacity and become ionic liquids
after bonding the CO,. Carbon dioxide is chemically bound
in CO,BOLs as an alkyl carbonate salt rather than as
bicarbonate or, carbamate salts used in conventional aque-
ous amine CO; scrubbing systems.”3

Carbamate and bicarbonate salts contain CO, with high
hydrogen bonding. CO, is weakly bound in an alkyl
carbonate salt, perhaps because of decreased hydrogen
bonding. For this reason, minor amount of energy is
required to thermally strip the CO;, from the liquid. Fur-
thermore, in certain cases CO2,BOLs exhibit a higher CO,
capacity than conventional solvents. For the sake of com-
parison these values are presented below, e.g. the CO;
capturing capacities of CO,BOL based on DBU and
hexan-1-ol mixture and of aqueous 30 wt.% MEA are
147 g CO, litre— ! liquids (19 wt %) and 108 g CO; litre !
liquid (7 wt %), respectively.”? Therefore, it can be sug-
gested that this type of solvents can compete with aMDEA
in terms of CO» loading capacity.

The ability of DBU or polymer-bound DBU to capture
CO; will be limited to the amount of CO» which can be
physically adsorbed or dissolved. The amount of CO» which
is trapped can, however, be increased because CO, may be
trapped as bicarbonate in the presence of water. The
CO,BOLs that contain a stoichiometric amount of an
alcohol should be superior in chemically binding CO; since
no water is required.

The switchable solvents can be used as reaction media.
CO2BOLs are liquids before and after reacting with CO»,
eliminating the need for superfluous inert solvents which
reduce the weight and volumetric capacity of the trapping
agent. Moreover, the physical and chemical properties of
CO> BOLs can be adjusted by changing alcohol—base pairs,
as well as by chemically modifying the alcohol—base pairs.

The reaction energetics depends strongly on the choice
of the base. AH;o and AGgo values are almost independent
of the choice of the primary alcohol (Table 4).73 Table 4
reflects the approach to equilibrium (Scheme 2). If binding
of CO; is complete, then the value of CO; absorbed would
be 100%. Due to thermodynamic restrictions, the values
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Table 4. Thermodynamics of CO; capture by using CO>BOLs in
MeCN-d3, estimated by NMR spectroscopic determination of equili-
brium constants.”?

Base —alcohol AHygo ASso1  AGgor CO;, absorption

(see®) (see®)  (see?) (%) in MeCN-d3
at 298 K
TMG-n-C¢H;30H  —160 —530 1.6 42
Barton’s base — —83 —-250 —11.0 90
n-C(,H13OH

DBU-n-C¢Hi30H —140 —440 —94 87

DBU-n-CsH;;OH —120 —390 —-1.5 82

DBU - Bu"OH — 140 —450 —-9.7 88

DBU - Pr"OH —130 —420 —7.8 83

DBU - PriOH — 140 —450 —5.7 76

Note. Data rounded to two significant figures. Calculated at 298 K
from NMR integrations using equations

[BaseH "][ROCO; ]
AG = — RTIn Keg, Keq = o0 = IR0
G ffear Bea =0, [Base][ROH]

alnkJ mol—!,®J mol—! K~

,AG = AH—TAS.

reported in Table 4 are lower depending on the alcohol
used.

The average enthalpy values for each base combined
with linear alcohols are given in Table 4, in which the
following decreasing order of exothermicity is shown:
TMG > DBU > Barton’s base, where TMG is 1,1,3,3-tet-
ramethylguanidine. The weakest base of these three is
TMG, which exhibited the least favourable AGso of the
reaction and therefore the weakest ability to capture CO».
CO; capture by TMG and alcohol had, however, the most
favourable reaction enthalpy, presumably because the salt
[TMGH *]J[ROCO;] is more capable of hydrogen bonding
interactions than the corresponding DBU and Barton’s salts
(Table 4). The very low ASso1 was achieved in TMG/alcohol
mixtures, which had the weak capturing capacity of CO,,
whereas the low ASso1 was responsible for the positive AGso.
Extensive hydrogen bonding would be expected to lower the
entropy. DBU, an intermediate strength base (pK,u in
MeCN is 24.3)73 and Barton’s base, the strongest of the
three bases (estimated pK,u in MeCN is 25.3),190 exhibited
almost identical abilities to bind CO, but DBU had a more
favourable reaction enthalpy. Barton’s base, on the other
hand, diplays a more favourable reaction entropy compared
to the DBU (—390Jmol-!'K~-! for DBU vs.
— 185 J mol—! K~ for Barton’s). The enthalpy of Barton’s
base is also comparable to that of a 30 wt% of MEA
solution in water at 313 K (—80 kJ mol—!' CO,).”* Thus,
termodynamic data explain the behaviour observed in terms
of CO;, binding.

The amidine and guanidine bases and alkyl carbonate
salts form CO,;BOLs which contain highly delocalized
charges. This weakens the attractions between the ions. It
was suggested that the delocalization (protonated amidines
and guanidines) plays a vital role for the chemical properties
(reversibility of CO> binding and release) of CO>,BOLs, as
well as the physical properties (e.g. melting point or viscos-
ity).”3

However, the efficiency of the switchable mixture is
related not only to the base but also to the alcohol. There is
a clear relationship between CO, capturing efficiency and
alcohol structure. Several papers discovered the effect of the

chain length, an increase in the number of the functional
groups as well as the influence of the nature of the side
chain.'01-102 Tn most of the cases, the increase of the chain
length resulted in a decrease of the absorption rate but in an
increase in the capturing efficiency. Moreover, the presence
of an additional amine group also contributes to the
increased CO, capturing efficiency.!0!

For industrial applications, a CO; capturing agent must
be recyclable. In order to quantify this, a series of capture
and release cycles with DBU —hexan-1-o0l was performed.”?
The mixture of DBU and hexan-1-ol was sparged with CO;
for five minutes at room temperature to form the alkyl
carbonate salt [BaseH " ][ROCO5] and then placed into a
hot oil bath at 363 K and measured for CO-, release
(Fig. 19).

0.6

04

CO; equivalents

02

0 2 4 6

Time /min

Figure 19. Five cycles (/—5) of CO; release from carboxylated
mixture of DBU and hexan-1-ol at 363 K.
Heating begins after one minute.”?

As a result, it was shown that DBU and hexan-1-ol were
carboxylated and decarboxylated five times with any visible
loss of activity.?® Probably DBU and hexan-1-ol CO,BOL
could be recycled indefinitely as long as the gas stream
would be anhydrous and the evaporative losses would
remain low. Thus, CO,BOLs have tremendous potential to
be energy efficient industrial liquids for CO, capture.”?

4. Immobilized ionic liquids

a. Supported ionic liquid membranes

Several strategies have been proposed to improve the
performance of ionic liquid solutions. One of the innovative
developments is new types of membrane systems (Sec-
tion 1.5.a) such as immobilized ionic liquid membranes or
supported ionic liquid membranes (SILM).

Immobilized (or supported) ionic liquid membranes
consist of an ionic liquid immobilized in a supporting
porous membrane by capillary forces.!'?3 Gas transport in
supported liquid membranes occurs through the dissolu-
tion—diffusion mechanism. Gas molecules on the inlet
absorb into the liquid, diffuse across the membrane, and
desorb at the permeate site.!04

The traditional liquid membranes with an organic sol-
vent despite the high separation capability have some
essential drawbacks namely rupturing of the membrane
due to evaporation of the liquid phase into the gas
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stream,!95-196 and lack of long-term stability. This results
in membrane degradation and a loss of selectivity.!07

In order to overcome the drawback of volatile organic
solvents, ionic liquids are applied. Thermal stability, low
volatility and high surface tension make membranes con-
taining ionic liquids more stable than supported liquid
membranes. Moreover, they can be regenerated and reused.

For immobilization purposes, not only traditional ionic
liquids 198 but also amine-terminated ionic liquids can be
applied.'%” Particularly, the amine moiety of these task-
specific ionic liquids facilitates selective transport of
CO,.'% Among the most common anions of task-specific
ionic liquid are bis(trifluoromethylsulfonyl)imide
[THoN],108- 111 tetrafluoroborate [BF4] % and trifluorome-
thanesulfone [CF3S03].1%?

The support can vary from polymeric hollow fibre
membranes made of poly-vinylidene fluoride (PVDF) 10 to
different inorganic supports such as o-Al,03,'%% mesopo-
rous materials SBA-15 or AI-SBA-15.112

Substantial research efforts have lately been devoted to
ascertain the support—liquid relations, correlations between
the membrane tortuosity and performance, the various
preparation parameters, efc.!''® To evaluate the perform-
ance of a SILM, parameters such as permeability, diffusiv-
ity, gas selectivity and operational conditions have to be
addressed.

The evaluation of the permeability (P) of the membrane
can be expressed by the following equation:

Osrp!
where Qstp is the flow rate of permeation, / stands for the
thickness of the selective layer, A4 is the effective sectional
area of the ionic liquid membrane, Ap is the pressure drop
across the membrane.!10

There is another way to calculate the permeability (P) of
bulk ionic liquid, which is related to the values of the
permeance of supported ionic liquids membrane (PsiLm),
the effect of membrane porosity (¢), membrane tortuosity
(1), and membrane thickness (d):19°

P= <%d> Psiim - )

High permeability decreases the required surface area to
perform expected gas separation. There are no direct
correlations between gas permeability and the ionic liquid
viscosity. For example, considering the ionic liquids on
a-Al,O3 it can be noticed that 1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide and 1-butyl-4-methylpyr-
idinium tetrafluoroborate showed similar CO, permeance,
although their viscosity differs two-fold, being 100 mPa s
and 203 mPa s, respectively.!108

Nevertheless, in open literature one can find an equation
suggested by Scovazzo !!3 to estimate the CO, permeability
in imidazolium, ammonium, and phosphonium-based ionic
liquids:

4953
p—___ 2 1
(14,.)0.388 £ 0.03° (10)

where p1 is the viscosity of an ionic liquid.

Besides viscosities, the permeability of ionic liquids
membranes can be affected by CO; diffusivity i.e., how
fast the gas is able to pass through the ionic liquid. At low
pressures, the relations between diffusivity (D) and the
permeability can be expressed according to the following
equation:!!!

D= HM,P ’

PIL

(1

where H stands for Henry’s law constant, My, is a neat ionic
liquid molecular mass, prr is a neat ionic liquid density.
Moreover, a relation between the viscosity and the gas
diffusivity (cm?s—') was proposed in Ref. 114 based on
pure ionic liquid viscosity (mPa s) and the permeate gas

liquid molar volume at normal boiling point
(vngp /cm? mol —1):
3 1
D =266 x 10 (12)

0.66£0.33 , 1.04 £0.08 °
HiL V NBP

To perform separation of gas mixtures, the supported
ionic liquid membranes (SILMs) must be selective to these
gases. The SILMs containing amine functional groups
experience high CO, — CHy selectivity due to higher affinity
existing between IL and CO, compared to CHa.

Ideal selectivity is represented by the ratio between the
permeabilities of permeate A and permeate B:!10

S=%n (13)

The best values for CO, — CHy ionic liquids membranes
found in literature are about 50: for example, 55 for 1-(3-
aminopropyl)-3-methylimidazolium bis(trifluoromethylsul-
fonyl)imide (the porous hydrophilic polytetrafluoroethylene
membrane as a support) !9 and 52 for the mixture of
1-butyl-4-methylpyridinium tetrafluoroborate with 1-ami-
nopyridinium iodide (apir) on o-Aly03.198 Tonic liquids
immobilized on o AlO3 with the anion [Tf2N] and different
cations gave approximately the same permeance but differ-
ent selectivity in the following order [hmim] > [bmpy] >
MeOct3N ([hmim] is 1-n-hexyl-3-methylimidazolium, Oct is
n-octyl). Probably, the quaternary ammonium ions residing
in the ring structure interact more easily with CO, than
tetrahedrally coordinated ions.!08

Supported ionic liquid membranes are most effective at
lower pressures,'%® and the CO, — CHy selectivity gradually
decreases as temperature increases.!®® Moreover, the per-
formance of ionic liquids depends not only on the above-
mentioned properties and operational conditions but also
on immobilization methods.!1?

Consequently, supported ionic liquid membranes have
to be used at certain, well defined conditions. The selectivity
issue has to be still improved. The properties of these
membranes were reported to improve significantly by addi-
tion of an organic salt with amine group functionality.!%8

b. Ionic liquids on metal organic frameworks

Metal organic frameworks (MOFs) (Section I1.5.b) seem to
be promising supports for ionic liquids leading to their
wider application and increasing their efficiency for CO»
capture. However, the research in this area is so far quite
limited. The impregnation of ionic liquids in porous support
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in part eliminates their drawbacks related to high viscosity
and high costs in the same way as for supported membrane
ionic liquids.!''> Moreover, due to porosity ionic liquids
impregnated on MOFs exhibit improved mass transfer and,
consequently, high separation efficiency.!!°

The first attempt to study MOF-supported IL was
performed by Chen ef al. by means of computational
methods.!'® The focus of research was devoted to the
[bmim][PFs¢] impregnated in different ratios over
Zn,O(BDC)3;, where BDC is 1,4-benzenedicarboxylate. It
was observed that with increasing concentration of IL the
molecules come to the pores more uniformly and ordered.
Thereby, for such aggregates with increasing IL : MOF ratio
the amount of ionic absorption sites is increasing providing
better selectivity. Since a great number of ILs as well as
MOFs exist, this research area has a great potential in terms
of identifying a proper CO; capturing adsorbent.

5. Mixtures of ionic liquids with different additives for CO;
removal

a. Ionic liquid — polyethylene glycol mixture

In the recent years, synthesis of ILs using renewable raw
materials has become an attractive goal.!'7~12! ILs were
synthesized from (2-hydroxyethyl)-trimethyl-ammonium
(S)-2-pyrrolidinecarboxylate ([Choline][Pro]).> 12!

N L-Pro N O\
HO/\/NMe3 -OH —— HO/\/NMG3 : N Co;
Choline H
[Choline][Pro]

This IL contains both cation and anion from renewable
materials. The following reaction of [Choline][Pro] with
CO, was proposed:?

L
2 NMe
HO/\/ 3}

— NMe
Llo/v )

Polyethylene glycols (PEGs), with the molecular for-
mula HO(CH>CH-0),H, have also been used as environ-
mentally benign solvents to replace volatile organic solvents
in different processes.!?? 123 PEG has some unusual proper-
ties, being non-volatile, non-toxic, biodegradable, inexpen-
sive, widely available, and in addition their properties can
be tuned by changing molecular weight.

Both the neat IL and the IL/PEG200 mixture were very
efficient in capturing CO,. The regeneration can be easily
performed under vacuum or, alternatively, by bubbling an
inert gas through the solution (Fig. 20).2 The process was
claimed to be reversible, since the recovered ionic liquid was
used repeatedly without visible losses of efficiency.?

Chemically, one mole of IL can absorb 0.5 mole of
CO-.12% The molar ratio CO,:IL could, however, exceed
1/2 (see Fig. 20), suggesting that physical absorption also
contributes in part to the uptake of CO,.
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Figure 20. Sorption—desorption cycles of CO, by ionic liquid [Choline][Pro] (323.15 K) («¢) and [Choline][Pro]—-PEG200 mixtures
(308.15 K) at [Choline][Pro] : PEG200 (weight ratio) 2: 1 (b), 1:1(c), 1:3 (d).?
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The absorption and desorption rates of CO in IL can be
significantly enhanced by adding PEG 200 into IL. The
contribution of PEG 200 to the uptake of CO> is, however,
very limited, because the solubility of CO, in PEG 200 at
ambient pressure is very small.!>> Therefore, PEG 200
enhanced CO; absorption acting as a solvent for the IL.

The solubility of CO, in the mixtures increased with
increasing pressure, being more sensitive to pressure in the
low-pressure range. The solubility of CO, in this mixture
also decreased with increasing temperature (Fig. 21).2
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Figure 21. Dependence of solubility of CO, in [Choline][Pro]/
PEG200 mixture as a function of pressure at the following temper-
atures and weight ratio of [Choline][Pro]: PEG200=1:1; 308.15 K
(1), 323.15 K (2), 338.15 K (3), 353.15 K (4).2

The enthalpy and entropy of solutions are important
parameters of the system because they are related to the
strength of interactions between the liquid and the gas. The
enthalpy of solution is a large negative value, i.e., a large
amount of heat is released during the absorption process
indicating that the interactions between the IL and CO; are
very strong (Table 5).2 The entropy of the solution is also
negative (indicating a high ordering so that the molecules
COz in the liquid can be solubilized.

Table 5. Partial molar enthalpy (kJmol—') and entropy
(J mol—! K—") of CO, absorption in [Choline][Pro]/PEG200 ionic
liquids mixtures at T = 308 -353 K.2

IL:PEG = 1:1 (by mass) IL:PEG = 1:2 (by mass)

x (see?) — AL —As x (see?) — A —As
0.108 40.3 121.9 0.073 40.3 122.0
0.125 31.7 96.1 0.085 30.4 92.2
0.150 24.8 75.2 0.100 26.2 79.6
0.170 25.5 77.4 0.115 253 76.7

x stands for mole fraction of CO; in the liquid phase.

It can be concluded that, the IL synthesized from
renewable materials [Choline][Pro] and the [Choline][Pro]/
PEG200 mixture could absorb CO; effectively with the
molar ratio of CO, and the IL reaching 0.6.2

b. Ionic liquids with chitin and chitosan

A novel application of chitin and chitosan as substitutes for
amino-functionalized synthetic polymers for capturing and
releasing CO, was also explored by using the 1-butyl-3-
methylimidazolium chloride ([bmim]Cl) ionic liquid as the
solvent for the aforementioned bio-polymers.

Chitosan, a natural biomaterial, is an N-deacetylated
product of chitin, which is the second most abundant
natural polymer after cellulose and it has a similar structure
to cellulose.!?® Chitin has two hydroxyl groups while
chitosan has one amino group and two hydroxyl groups in
the repeating hexosaminide residue.!?’

Chitosan can be considered as a natural polyamine, and
it could be a suitable alternative amino-functionalized
polymer to fix CO,. The drawbacks of the traditional
dissolving processes using aqueous acids restrict its appli-
cations. The ability of [bmim]Cl to destroy hydrogen bonds
makes the amino group in chitosan free from the intermo-
lecular hydrogen bonds. This makes it possible for the
amine group to react with other chemical reagents easily.

CO: fixation and release were performed using chitin/IL
and chitosan/IL solutions (10%) at 303 K and under 1 bar
CO,.'?® Fixing efficiency [(mmol of CO,/mmol of ionic
liquid x 100%] was estimated from the weight increase in
the reaction mixture. Ionic liquid [bmim]Cl and chitosan
powder have almost no ability to absorb CO, (Fig. 22,
curves 3 and 4), but 10 wt % chitin/IL or chitosan/IL
solutions both demonstrated good capacity to capture CO»
(Fig. 22, curves I and 2). For example, at equilibrium, the
chitosan/IL and chitin/IL solutions exhibited approxi-
mately 8.1% and 3.8% CO» fixing efficiency, respectively.

This further strengthens the evidence towards the impor-
tant effect of chitin and chitosan in CO; absorption process.
The sorption efficiency of chitosan/IL solution is much
higher than that of chitin solution (Fig. 22, curves / and
2). This is probably due to the presence of substantial
amounts of amino groups in chitosan contrary to chitin. It
is reasonable to assume that physically dissolved carbon
dioxide is responsible for the CO, sorption capacity of
chitin/IL solution, while both physically dissolved CO;
and chemically bound carbon dioxide are responsible for
the effective CO; sorption capacity of chitosan/IL solution.
The amount of chemically bound carbon dioxide should

303K, 1 bar 303 K, under vacuu
O
O

AN W~

CO; sorption efficency (mol.% to IL)

Figure 22. CO, absorption—release by 10 wt % chitosan/IL solu-
tion (1), 10 wt % chitin/IL (2), IL [bmim]Cl (3) and 1 g chitosan
powder (4) under 1 bar CO,.'?8




Capturing CO»: conventional versus ionic-liquid based technologies

453

correspond to a sequestration efficiency of 4.5%. The CO,
sequestration efficiency of 10 wt % chitosan/IL solution is,
in reality, 8.1% and, therefore, the ‘extra’ CO, sorption
capacity of chitosan/IL solution should be attributed to
physical dissolution.!?8

It can be also seen that the amount of physically
dissolved CO»> (3.8%) in a 10 wt % chitin/IL solution is
equal to that of a 10 wt % chitosan/IL solution under the
same conditions (Fig. 22, curve 2). The highest CO, sorp-
tion capacity (10 wt% chitosan/IL) is almost equal to the
amount of the physically dissolved CO, added to the
theoretical chemically bound CO, (4.5%). It seems that
almost all the amino groups in the chitosan/IL solution
(which have higher activity) participate in this CO; capture-
release cycle. CO; desorption was achieved at high temper-
ature (373 K) at which the CO» level decreased from 8.1%
to 1.4% (Fig. 22, curve /) and CO; was completely released
under vacuum.!28

In summary, chitin and chitosan are biologically renew-
able, biodegradable, biocompatible, almost non-toxic, and
biofunctional materials. However, the overall biocompati-
bility of these systems depends on the dissolution media
(ionic liquid) applied.

c. lonic liquids and amine solutions

Eventually, the presence of amine group in ionic liquids
generates a rise in CO; capturing efficiency. However, the
production of amine-functionalized imidazolium ionic
liquids requires sophisticated synthesis and purification.!?*
An attractive mixing approach is a cost-competitive method
allowing application of many potential advantages of ionic
liquid —amine solvents over aqueous amines based. Thus,
the implementation of ionic liquids for CO, capture can be
enhanced by combination with amines.!24- 129,130

1L, solvent

2 HO(CH,),NH, + CO,
+
= HO(CHz)zNH*COE H3N(CH2)20H

Moreover, CO, can be released by either heating or
implying reduced pressure.!??

Beneficial properties of ionic liquids can be combined
with the advantages of amines. Whilst, the high viscosity
and high initial costs impede wide application of ionic
liquids, the IL —amine mixtures solve these questions and
expand versatile applications.

For this approach, well-known amines (primary, secon-
dary and tertiary alkanolamines) and imidazolium-based
ionic liquids with anion [Tf,N] have been used. The con-
ditions of the CO; capture are related to the amine structure
as MEA and triethanolamine (TEA) are used at low and
high pressure, respectively. For example, a mixture of
aqueous 20 wt % bis(2-hydroxyethyl)ammonium acetate
[bheaa] and 20 wt% MEA provided, at high pressure
(12 bar), about four times higher loading (0.95 mol CO,/
mol IL) than pure IL.!3! Similar tendency was reported for
the mixture of MDEA and tetramethylammonium glycinate
(Fig. 23).132 Under similar conditions, an addition of
30 wt % of MDEA provided an about 4-fold increase in
CO; uptake.!33

Therefore, these solvent systems are expected to be
efficient in a wide range of pressures. They perform sim-
ilarly to the aqueous amine solutions and possess, at the

4
8 o |
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&
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CO,, pressure /bar

Figure 23. Influence of N-methyldiethanolamine on CO, loading of
aqueous 15 wt % tetramethylammonium glycinate.!3?
MDEA (%): 0 (1), 15 (2), 30 (3), 40 (4).

same time, significant advantages in terms of the amount of
energy consumed in the process.!??

A detailed investigation of hydroxyl imidazolium based
ionic liquid solutions mixed with amines based on kinetic
and thermodynamical data was reported.!33 The viscosity
increase of those mixtures was reported after CO» capture.
Hereby, the viscosity increase slows down the transport of
CO; and more time is needed to reach equilibrium. How-
ever, a rise in temperature provides a significant viscosity
decrease.

Since these ILs are non-volatile, the mixtures
(IL—amine) exhibited lower weight losses than water—
amine solutions caused by amine evaporation. Moreover,
after CO, saturations the mixtures exhibited only small
changes in response to vacuum heating. The thermal stabil-
ity increased significantly, thus providing practical signifi-
cance for a new strategy for stabilization of amine
solutions.!33

6. Quality aspects and other questions related to commercial
ionic liquid production

a. Purification of ionic liquids

The synthesis of ionic liquids is basically quite simple
organic chemistry, while the preparation of ionic liquids of
a certain quality requires certain know-how and experience.
Commercial producers try to make ionic liquids that meet
the highest quality at reasonable costs. Some ionic liquids
exhibit high purity (>99%), whereas others contain more
impurities.

The lack of significant vapour pressure prevents the
purification of typical ionic liquids by distillation. On the
other hand, any volatile impurity can, in principle, be
separated from an ionic liquid by distillation. However, it
is better to remove as many impurities as possible from the
starting materials. Synthetic methods which generate few
side products or allow their easy separation from the final
ionic liquid product are also favoured.®?

The development of the purification methods for ionic
liquids is, however, still needed. During the purification of
ionic liquids, volatile impurities can easily be removed from
the non-volatile ionic liquid by simple evaporation. This
process is, however, quite slow. Factors that influence the
time required for the removal of all volatiles from an ionic
liquid (at a given temperature and pressure) are: amounts of
volatiles, boiling points of molecular species present, spe-
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cific interactions with the ionic liquid, viscosity of the ionic
liquid, the surface tension of the ionic liquid.

Water in an ionic liquid may be a problem for some
applications and its content should be known. Furthermore,
water in an ionic liquid may not be inert and, thus, it can
significantly influence the physicochemical properties of
ionic liquids or their stability. For example, some ionic
liquids can be hydrolyzed in the presence of water.*®

b. Purification of commercial ionic liquids

For research carried out with commercial ionic liquids it is
recommended to check quality of the product prior to work.
Commercial ionic liquids may have colour pointing to
impurities and may contain some traces of water. However,
it should be free of organic volatiles, halides (if not a halide
ionic liquid), and of all ionic impurities.

To remove water in laboratory research, commercial
ionic liquids are usually dried at 333 K in vacuum over-
night. The water content in any ionic liquid should be
checked prior to its use (infrared spectroscopy, cyclic
voltammetric measurements, Karl Fischer titration) and
should always be mentioned in all descriptions and docu-
mentation of the experiments.

IV. Comparison of classical and novel solutions in
terms of CO; capture

During the last few decades a lot of research effort was
devoted to the development of new CO, absorption media.
Even if an ideal absorbent to replace the current ones used
in CO;, scrubbing technologies has not yet been found,
significant progress has been achieved in this area. Plausible
examples of promising new solvents are summarized in
Table 6.

At atmospheric pressure amines are still difficult to
compete with (Table 6, No. 6). However, one can notice
from Table 6 that ‘switchable ionic liquids’ and ‘chemical’
ionic liquids can potentially become plausible alternatives
(Nos 5 and 2, respectively). Ionic liquid [bmim][BF4] as a
representative of ‘physical’ ionic liquids family, possesses

Table 6. CO, capacity of selected, high-performance solvents at 298 K.

really low CO; capacity at low pressure. However, as
mentioned above, elevated pressures significantly boost its
efficiency. A pressure increase of 10 bar resulted in seven
times higher value of CO, loading (Table 6, Nos 1 and 7).
Pressure rise can affect ‘chemical’ ionic liquids (No. 10) and
poly(ionic liquid)s (No. 11), while for amine solutions
capacity remains the same. Further pressure increase
enhanced CO» capturing capacity leading to surprisingly
high CO; capturing efficiency (Table 6, Nos 15—17).

However, to estimate the advantages from replacement
of current amine solvents with ionic liquids, detailed feasi-
bility calculations are required.

V. Conclusions

Nowadays, amine scrubbing is most widely applied for CO»
separation. In the present review, different upgrading sys-
tems, including traditional solvents are compared from
technological, economic and environmental viewpoints. It
was shown that aMDEA system is an excellent choice for
new plants as well as revamping CO, removal sections in
existing ones. The modern CO, capture technologies have,
however, several disadvantages calling for the search of new
technological solutions.

As an emerging alternative, ionic liquids are described in
this review as a group of very promising materials with
unique sets of properties not achievable by means of any
other materials. They are designer solvents, since their
properties can be adjusted to suit the requirements. In
addition, ILs can be recycled and they are non-volatile.
This opens up opportunities for a great variety of industrial
applications.  High-efficient  separation  performance
coupled to a low charge of the sequestration media is the
obvious goal.

However, cost issues remain as some of the main draw-
backs of ionic liquids currently often preventing their
successful commercialization; it can be, partly, offset
through simplifying their synthesis. Among other disadvan-
tages of ILs, high viscosity and frequently uncontrolled
(and low) purity can be mentioned. Moreover, the lack of

No. Solvent type Solvent CO; pressure /bar Mole fraction of CO» Ref.
1 IL [bmim][BF4] 1 <0.02 117
2 the same [emim]OAc 1 0.27 134
3 IL mixtures [Choline][Pro]-PEG 200 1 0.23 2
4 polymeric liquid P[VBTMA][BF,] 1 0.10 86
5 CO,BOL DBU —n-C¢H3:0H 1 0.31 73
6 aqueous amine solutions MEA (30 wt %) 1 0.41 12
7 IL [bmim][BF 4] 10 0.15 117
8 the same [emim][Tf>N] 10 0.20 135
9 " [bmim]OPh 10 0.25 136

10 " [emim]OAc 10 0.35 134

11 polymeric liquid P[VBTMA][BF,] 10 0.40 86

12 IL [bmim]OTf 40 0.50 82

13 the same [bmim][Tf2N] 40 0.60 82

14 " [bmim]OPh 40 0.70 136

15 " [bmim]OTf 60 0.65 82

16 " [bmim][Tf>N] 60 0.70 82

17 " [bmim][CTf3] 60 0.75 82
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knowledge about their toxicity is the main barrier to fully
recognize them as absolutely green solvents.

In the current review, the most important research on
ionic liquids as a media for CO, separation was summar-
ized. This review focuses not only on the properties of pure
ionic liquids but also on their mixtures which are aimed to
improve their performance and CO, capturing efficiency.
Moreover, ionic liquids have advantages compared to
amines with respect to carbon reclaim. lonic liquids, as
amines, can be reused and provide the application of
released CO; for the synthesis of fine chemicals.!33

Thereby, the usefulness of ionic liquids has been dem-
onstrated. ILs have already replaced volatile, polluting
hydrocarbon solvents in some industrial processes. Thus, it
can be expected that approaches based on ionic liquids will
be a realistic choice for CO> capture as well as for other
applications.
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