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In this paper, three of the leading options for large scale €apture are reviewed from a technical perspective. We consider
solvent-based chemisorption techniques, carbonate looping technology and the so-called oxy-fuel process. For each technolog
option, we give an overview of the technology, listing advantages and disadvantages. Subsequently, a discussion of the level o
technological maturity is presented, and we conclude by identifying current gaps in knowledge and suggest areas with signi cant
scope for future work. We then investigate the suitability of using ionic liquids as novel, environmentally benign solvents
with which to capture C@ In addition, we consider alternatives to simply sequestering Ofe present a discussion on the
possibility of recycling captured CCand exploiting it as a €building block for the sustainable manufacture of polymers, ne
chemicals and liquid fuels. Finally, we present a discussion of relevant systems engineering methodologies in carbon capture
system design.

1 Introduction the transport and storage of such large quantities of @@
non-trivial, but are not insurmountalfielt therefore remains
Concerns of anthropogenically forced climate change owingo select methods of COcapture that are optimal not only
to emissions of C@" are now well accepted and have have in terms of their capital and operating cost, but also in terms
resulted in a number of initiatives to reduce £@missions.  of their environmental impact - there is little point expending
Worldwide, there are more than 8,000 large stationary, CO vast amounts of resources to solve one problem, while at the
sources whose cumulative emissions in 2005 were reported @ame time creating another.
being 13,466 MtC@Yyr2. Coupled to a growing population  There are numerous technology options which are gener-
base with increasing demands for more energy intensive lifeally compatible with CCS activity, but of these, relatively
styles, the scale of the problem is evident. few have gained any measure of acceptance from an indus-
Owing to their energy density, proven resource base angtal viewpoint. Three technology options that are generally
established infrastructure for exploitation and distribution, itaccepted as being suitable for commercial deployment in the
is well accepted that fossil fuels will continue to play an im- near to medium term are post-combustion &@pture using
portant role in both the generation of heat and power and ilmine solvents, oxy-fuel combustion and nally calcium loop-
heavy industrial manufacturing operations for the foreseeablghg technologies.
future®. In amine-based CPcapture, the C@rich gas stream is
Carbon capture and storage (CCS) technologies are a prorgontacted with an aqueous amine solution. The amine solvent
ising route to achieving a meaningful reduction in £énis-  reacts reversibly with the GO forming water-soluble salts.
sions in the near-term. Emission reduction targets such as 8@iven the reactive nature of the absorption, amine based
90% of CQ emissions from xed-point sources are routinely solvent processes are well-suited to capturing, ®@©m di-
discussed in the context of targets achievable by CCS techute, low pressure streams. This makes this technology ap-
nologies. It is accepted that the challenges associatéd  plicable to the majority of existing large, xed-point sources
of CO, and it is envisaged that it could be retro tted with rel-
y Electronic Supplementary Information (ESI) available: [details of any ative ease to the back end of an existing power station.

supplementary information available should be included here]. See DOI: ~ ; ; ;
10.1039/6000000x/ In oxy-fuel combustion processes, the fuel is combusted in

a|mperial College Centre for CCS, Dept. of Chemical Engineering, Imperial & Mixture of nearly pure &typically greater than 95% purity) _
College London, South Kensington, London, UK, SW7 2AZ; Tel: +44 (0)20and CQ, recycled from the exhaust of the process. The main
7594 6637; E-mail: p.fennell@imperial.ac.uk attraction of this technology is that it produces a ue gas which

b Centre for Process Systems Engineering, Dept. of Chemical Engineerin ; ; ;
Imperial College London, South Kensington, London, UK, SW7 2AZ Is predomlnantly C@and HO. The HO content is eaSIIy

¢ Dept. of Chemistry, Imperial College London, South Kensington, London,_remo_Ved by condensatipn, leaving a pure &@eam which
UK, SW7 2AZ is suitable for compression, transport atdrage.
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In the solid looping technology which is considered in this2 Capture Technologies

paper, calcium oxide (CaO) and G@re reversibly reacted to

form calcium carbonate (CaGD This process is somewhat 2 1 Chemical Absorption Technologies

analogous to conventional amine based absorption processes

in that the CQ capture occurs in one vessel, known as the2 1.1 Technology Overview

carbonator, then the “loaded” sorbent material, the Ca@O

then passed to a second vessel, known as the calciner, whegg chemical absorption technologies, we refer to gas-liquid

the sorbent material is regenerated, producing a pure streagontacting and separating equipment wherein gas and liquid

of CO,. There are certain thermodynamic advantages to thigtreams ow in a counter-current fashion in a vertical column,

technology, which lead to a lower than average ef ciency pen-where suf cient mixing and contacting are ensured by the in-

alty on a power station. The process also integrates very welllusion of horizontal trays or packing material (random or

with cement manufacture. structured), inside the column. In the typical operation of

these processes, the “lean” solvent stream is introduced to

the top of the absorption column, and ows vertically down

. the column over the packing material, absorbing its preferred

tioEiT% ugltn::itfatl)treie(); tr}ﬁ ;algttlgrege(ggi naljfoﬂ\?i/:r;gg?nwe component from the gas phase. The term “lean” refers to the
' ) ' fact that the solvent stream introduced at the top of the column

suggest that there is a possibility Qf using at least a fraCtlor(‘:ontains little or none of the component that is to be absorbed.
of the captured C@®as a raw material which can be used to

manufacture. amona other valuable products. polvmers anH' the context of CQ@ capture, this means that the mole frac-
nanufacture, g other valu progucts, poly jon of CO, in the liquid phase is small. The optimal value of
liquid fuels. However, it is likely that the majority of cap-

tured CQ will have to sequestered, most likely in depleted oll lean loading of the inlet solvent S.”e"’“.“ (de ned as the _nu.mber
d reservoirs, deep coal beo]s and deep saline aéiuifermc moles of CQ per mole of amine) is a complex optimisa-
ﬁgwg\allzr alternati\,/e a proaches such as thpe carbonation §Pn problem which should be solved by a full process optim-
minerals’such as serpe?qr'zine MipOs(OH)s, have also been isation. However, it is generally (_:onsidered to lie around 0.1 -
proposed. In these methods,, for storingz(,‘:Q molecules of 0.15 moles of C@Qper mole of amine. ane the solven_t stream
' . reaches the bottom of the column, it is now termed “rich”, and
HO,O are permanently displaced by 3 molecules of,GO

} it is directed to a solvent regeneration process, consisting of
there are no concerns about leakage opMlike the geolo- at further gas-liquid contacting column with a reboiler at the

gical storage options. Howgver, this storage option does not, Pottom and a condenser at the top. The purpose of the reboiler
present, appear to be feasible for the large scale sequestration

of CO, as the minerals must rst be nely ground to approx- IS to heat the incoming liquid stream to a suitable temperat-
imately 5 mm ar:d the carLtj)onation react)i/o% olcj:curs inzglugonure In order to both break the chemical bonds formed in the

€y ) . absorption column and to provide a vapour stream to act as a
at high pressures - typically between 10 and 15 RIP&i-

nally, in the implementation of this option, two kg of mineral stripping uid. The purpose of the overhead condenser is both

) o rovide a re ux liquid stream to the column an nsur
are required per kg of Cto be sequestered, and six times to provide a re ux liquid stream to the column and to ensure

: . : . : that the top-product stream is as pure as possible. It is this
more stone than coal is required to be mifie@his obviously . . .
. . . T ) solvent regeneration process which comprises the bulk of the
brings into question the viability of this process.

energy penalty associated with chemisorption-based CCS pro-
cesses. For reference, a simpli ed ow diagram of this process
is illustrated graphically in gure 1. The optimality criteria of

In the remainder of this paper, we compare these three tectlich chemisorption processes are the minimisation of: (a) the
nology options for post-combustion G@apture and address amount of CQ emitted, (b) the equipment size and (c) fugit-
the advantages and disadvantages of each option. We discu¥§ emissions of volatile organic compounds (VOC). Finally,
in detail the complications associated with the design and sethis must be done for the lowest possible operating cost, typic-
lection of materials for use in these processes. The paper coflly set mainly by the energy penalty associated with solvent
tinues with some thoughts on future directions for this area irf€generation.
terms of process and material selection and design. We then In CCS applications, it is highly probable that a structured
present some perspectives on the feasibility of recycling cappacking will be preferred as they are currently commercially
tured CQ for use as an environmentally benign Building  available and are speci cally designed to have both a large
block for chemical synthesis and also on the suitability of us-speci ¢ surface area (available surface area per unit volume)
ing ionic liquids for capturing C@ Finally, we conclude with  and a low pressure drop. Both of these facts conspire to reduce
a discussion of systems engineering methodologies and thetine amount of packing required and thus minimises the size of
relevance in carbon capture system design. the equipmerntt
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ey of the CQ stream.
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2.1.3 Technology Perspectives

Absorber Desorber

Chemical absorption is a well-known technology, which has
been widely deployed on an extremely large scale across sev-
eral industrie$>~17. Itis therefore considered unlikely that any

Rates major innovation will occur in the design of either the process
o Reboiler or the column internals, i.e., the packing, and any improve-
\ﬂ(_ﬂ-‘ ment here will be incremental at bésiTherefore, we contend
— that any major scope for reducing the costs associated with
s res —] these processes lies in the selection and design of new, ad-
S vanced sorbent materials as it is the solvent which determines

the thermodynamic and kinetic limits of the process. Itis also
Fig. 1Schematic of chemical absorption process for amine based the solvent chemistry that determines the type and seriousness
CO;, capture. of any deleterious environmental and public health impacts

associated with fugitive emissions of organic solvents, or their

associated degradation or corrosion prodtft€ Therefore,
2.1.2 Pros and Cons the selection of appropriate solvents for use in these processes

This technol tion has the inh t advant th t.t_isafarfromsimpletask.
15 cennody oplion has mhe Jnerei: advanage tha: I 1S In terms of solvent selection, amines have traditionally been

an "end-of-pipe” technology, similar to those already in placethe solvents of choice, with a primary alkanolamine, monoeth-

Ior the mltllgatt|on (.thhSQ em|SS|tonst. Moreoverblt?dadq::mnt anolamine (MEA) typically considered to be the benchmark
O power plants, either as a retrot or as new bulld, Wil Not ¢ et \yith which alternative solvents must be compéted

;mc_ill_,;l_y asﬁ'i'Ct the eX|b|I|t)_/ﬂ:)f I?pfiﬁt'on demagdedtof tk;este]z Other compounds which are often considered are sterically
aciiities™. However, as with all o th€ proposed capture 1ech-, 4o o g compounds such as 2-amino-2-methyl-1-propanol
nologies, chemisorption processes have the distinct dlsadva;kt

age of their cost - both the capital expenditure (CAPEX) an eAr':?zR/’ ;ﬁﬁﬁggasrgcir:: Géwse?r?;lgiﬁhcgﬁg:::w?rl]aenz:\qeDI(E[,)AE.A) and
operational expenditure (OPEX) associated with their deploy-

ment and operation is considerable. In the case of chemical ) i

absorption processes, it is anticipated that the deployment 414 Amine Chemistry

this technology will result in a reduction of the thermal ef- The reactive nature of the aqueous solutions of amines with
ciency of a modern power plant from approximately 45% CQ, system is well known, and there is a large body of exper-
to approximately 35% This ef ciency penalty accounts for  imental and theoretical work in place detailing the mechanism
the cost of solvent regeneration, @a)mprESSion and trans- and rates of these reactions (See for exaﬁ?p|é5 and refer-

port as well as the ancillary costs associated with transportences therein for details). In addition to the ionic speciation
ing ue gases and solvents. Moreover, owing to the low>CO equilibria owing to the disassociation of G@nd the amines

partial pressure in the inlet ue gas, relatively high solventin aqueous solution, the principal reaction of interest between
owrates are required to achieve a high rate of S€@pture.  CO, and a primary and secondary amine (in agqueous media)
Some the amine based processes have been commercialisgghe formation of a carbamate, which is typically considered
on a large scale, namely the Kerr-McGee/ABB Lummus Cresto occur via the formation of a zwitterion, and subsequent

Process?, Fluor Daniel's ECONAMINE process-*2and the  hase catalysed deprotonation of the zwitterion. In combina-
Mitsubishi KS-1 process licensed by Kansai Electric Powertion these two reactions can be representéar%fg

and Mitsubishi Heavy Industriés. However these processes
are, according to the work of Bailest al.X4, expected to con- COx+ 2R1R:NH  [RiRoNCO, + RiR2NH3 | 1)
sume between 0.35 and 2.0 kg of solvent per tonne of CO

captured?. This obviously leads to signi cant costs associ- The other important reactions that contribute to the overall re-

ated with solvent make-up costs. Finally, given the relativelyaCtion rate are the reversion of carbamate to bicarbonate via a
low degradation temperatures of most amines, the solvent r@/drolysis reaction (equation (2)), the formation of bicarbon-

generation processes takes place at approximate8Cland ate (equation (3)):

0.2 MPa, meaning that the G&tream is produced at a low R;RoNCO, + HoO  RiRoNH+ HCO, : )
pressure, relative to that required for transport and storage, 2 3
leading to considerable costs associated with the compression CO;+ R{R;,NH+ H,O  HCO; + RleNH;r ; 3)
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In the case of non-sterically hindered compounds, the reversecondary and tertiary amir@@s’%-37 Typically, the main pri-
sion of carbamate to bicarbonate by reaction (2) is consideredducts are amines, oxazolidinones and imidazolidinghes

to be more important only at higher concentrations ob@QD  Thermal degradation has also been studied in some detail, for
the liquid phase. In the case of sterically hindered compoundsat least some aminé$ It was found that the main thermal de-
such as AMP, reaction (2) is particularly important as the presgradation products in the presence of\@ere amines, amino-
ence of the methyl group signi cantly reduces the stability of acid derivatives and carboxylic acifs*.

the carbamate bond, resulting in the preferred formation of the

bicarbonate, Ieadlng to the partlcularly high loading capacnyz_ll6 Environmental concemns

(mole CQ/mole amine) of this solveRf.

The mechanisms involved in the absorption of Ly  Relatively little is known about the expected emission pro-
aqueous solutions of tertiary amines, such as MDEA, areles of the various solvents that may be used for £eap-
somewhat different to those of primary and secondary amineyre. In the case of MEA-based GQ@apture processes,
in that they do not react directly with GOrather they actas a a recent IEA report indicated that for every tonne of O
base, catalysing the hydration of 8. Thus the reaction of captured, 0.0032 tonnes of MEA will be emitted to atmo-
interest in aqueous solutions of tertiary amines is: spherd!. Given that a typical 2.4GW generator burning pul-

COp+ H20+ RiR;RaN  RyR:RsNH' + HCO,  (4) verised bla}ck coal produces approx. 30-50 tonnes/@M*?, .
the potential for solvent losses to atmosphere becomes obvi-

ous. The current lack of information concerning the details
of the chemistry associated with the degradation products that

One aspect of the chemistry of these processes in which the§e associated with the amine processes is a cause for some
is still a signi cant amount of uncertainty is that of degrada- concern, as preliminary results indicate that many of the de-
tion products. It is well known that amines are susceptible tdradation products will be harmful to both human health and
degradation in the presence of @d CG as well as thermal the environmerf?=44. Aside from questions about the degrad-
degradatioR®3C ation chemistry, other important questions that have yet to be

Oxidative degradation has been extensively investigate@nswered involve the atmospheric fate of emissions of amines
in the literature, particularly for MEAM32 DEA28 and  and degradation products, i.e., are they deposited close to the
MDEA33. Here, the main degradation products are volatileemission source, what is the effect of atmospheric chemistry
compounds, amines, aldehydes and also carboxylic acids. ©0n these compounds, how can we determine emission legis-

Most, if not all, amines are irreversibly degraded by O lation for these compounds and so forth. What is known is
and SQ - both of which are likely to be present in the that most of the molecules considered for use in.C@pture
ue gases which are to be treated, and the concentratio@pplications are strongly polar, and are therefore highly wa-
of these compounds and the temperature of operation afi@r soluble. Thus, it is possible to envisage a scenario where
considered to be particularly important variables in the defugitive amine emissions mix with rain water, and quickly be-
gree of degradatiotf. It is known that secondary amines come part of the water cycle and biosphere. Furthermore, it is
are more stable than primary amines, however the reactioknown that some amine degradation products include amides
paths are not well understood and there may be subtle efnd aldehydes as well as nitrosamines, which are potent car-
fects of the amine structures on the stability of the degradacinogen$?. Itis conceivable that the packing material used in
tion products®. For example, in an MEA system, the reaction contacting equipment will play a role in this chemistry, e.g.,
with CO, generally results in the reversible formation of a car-carbon steel packing, has the potential to form metal $affs
bamate, however, a small fraction may react further to formAt this point it is possible to make the observation that of the
degradation products such as 2-oxazolidone which then react8ermophysical properties often considered in solvent selec-
again with MEA to form N-(2-hydroxyethyl)-ethylenediamine tion for CO;, capture, the volatility of the amines is very im-
(HEED) via intermediates of N,N'-di(hydroxyethyl)urea and portant, and should be given signi cant weight in any solvent
1-(2-hydroxyethyl)-2-imidazolidon®-3° These reactions are design work in this area.
quite well known, as reactions of MEA with G@nd G have
been well studied over the past decades, but with_industriaé_lj Solvent Blends
ue gases, the process becomes much more complicated ow-
ing to the presence of a mixture of GAD,, CO, SQ, NOy Amine-based processes for g@apture are a very mature
and y ash. Thus degradation processes under industrial cortechnology, with the rst patent for the use of alkanolamines
ditions remain poorly understoé8l as absorbents for acidic gases being granted in 4930on-

Various studies have, however, shown that there is a similsequently, it is a very well understood class of technologies,
arity in the degradation mechanisms and products in primaryand is considered to be economically feasible urmetain

2.1.5 Degradation Chemistry
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conditions'. As mentioned previously, it is considered that being less susceptible to degradation and corrosion problems
the main scope for improvement to amine-based Cépture  than a comparable MEA solvent, but it currently considerably
lies in the design of improved solvent molecules and blends ofnore expensive than MER.

existing solvents. In this context, blends of existing amines Ammonia has also received signi cant attention as an
are considered to be the most realistic option, since, givealternative solvent, owing to the favorable loading (mole
the number of amine compounds currently available, the pereO,/mole NHs) and energetics of an ammonia-based pro-
ceived likelihood of the discovery of a new molecule whoseces$-%4 Ammonia can capture all the major acid gases (SO,
properties surpass those of existing compounds is slim. ThRO,, CO,) which may exist in the ue gas of coal combus-
reason that blends of amines are considered to be an attragbrs. Since SQand NQ, emissions must comply with given
ive option in developing new sorbent materials is, for ex-limits, a single process to capture all acidic gases may re-
ample, that it is possible to exploit the high absorption ratesjuce the total cost and complexity of any emission control
of primary and secondary amines as well as the high capacityystem&-62 Moreover, ammonia is not expected to suffer
of tertiary amine$’. from solvent-degradation problems (caused by 8@ G as

Sterically hindered compounds are considered to be espdtell as CQ), is not expected to cause equipment-corrosion is-
cially interesting owing to their proclivity for forming weak Sues and could potentially reduce the energy requirements for
carbamate salts, thus leading to both higher carrying capd=C2 capturé®. The underlying chemistry behind the resist-
cities for CQ in terms of the number of moles of GGb-  ance of NH to degradation is unclear - this point is typically
sorbed per mole of amine and the fact that they also have @sserted without any further explanation or clari cation. One
lower entha|py of regenera’[ion in terms of the amount of en<an SpeCUIate that this is because of the inherent SlmpIICIIy of
ergy required per unit mass of G@egeneratetf4S How- the NH; molecule, as alkanolamine sensitivity te 3 often
ever, it has been observ&ithat lower absorption enthal- attributed to the oxidation of the hydroxyl functional group to
pies must lead to the generation of €&t a lower pressure an acid®, but additional clari cation of this point is necessary.
in the desorber and higher pumping and compression costsarge companies, such as Alstéft’are pursuing the com-
Such considerations underline the importance of, as far as pogiercialisation of NH based CCS processes via the so-called
sible, simultaneously optimising the whole €€apture pro- “chilled ammonia process”, which is operated at temperatures
cess, rather than optimising parts on a piecewise basis. Typi®etween 273 - 283 K. This process results in the formation of
ally, when sterically hindered compounds are considered, it i@mmonium bicarbonate, which has the bene t that the regen-
AMP which is investigated, and there has been considerablgration operations can take place at a pressure of approxim-
effort in developing predictive thermodynamic and processately 3 MPa, resulting in signi cant savings in the energy pen-
models describing the behaviour of AMP-based,@@pture  alty associated with Cocompressiof’, as discussed brie y
processe¥—55 This preference for AMP over other hindered @bove. This process is undergoing pilot plant scale trials at
amines may be owing to it being a readily available monoamWe Energies’ Pleasant Prairie power plant as well as AEP's
ine, which makes its analysis easier since there is only on&lountaineer Plant in New Havéh
reactive amino group to consider and also that AMP is the Often, when blends of solvents are considered, mixtures
hindered form of MEA as it is obtained by the substitution of of MEA with other alkanolamines are examirféd®-'2 The
two methyl groups for the two hydrogen atoms attached to th@ddition of AMP to an MEA solution almost invariably res-
carbon atom in positioa to the amino group in MEA. MEA  ults in superior performance of the blend over that of MEA
is an extremely well studied compound, and detailed data foflone’>=’6 One potential drawback is that, owing to concerns
this compound are available. Consequently, a direct compaef solvent degradation and associated equipment corrosion,
ison with AMP is possible, with any differences in behaviour an upper limit of amine concentration of 30wt% is appligd
easily attributed to the effects of steric hinderatfce Re-  Presumably, with the substitution of a degradation-prone com-
cently, however, other sterically hindered compounds such agound, like MEA, with one less prone to degradation, such as
2-amino-2-methyl-1,3-propandiol (AMPD), 2-amino-2-ethyl- NHz, should allow higher amine concentrations. Some pre-
1,3-propandiol (AEPD) or tri(dydroxymethyl)aminomethane liminary work on this particular blend has shown that not
(THAM) have been studied, with blends of amines with only do a blends of AMP and Nt least equal if not surpass
THAM showing better performance in terms of volatility and MEA solutions in terms of absorption capacifybut also in
energetics than AMP bleng indicating that THAM blends ~ terms of reaction rat€.
should be considered as potential alternative solvents with Other additives to solvent blends that are sometimes con-
which to capture C@ Sterically hindered solvents have also sidered are hydroxyl-containing compounds, such as alkan-
been developed on an industrial scale, with MHI and Kan-ols. There is some evidence to suggest that the addition of
sai electric having developed a proprietary hindered amineshort-chain alkanols to amine-water blends increases the sol-
solvent known as KS#:5859 This solvent is reported as ubility of CO, in the liquid phasé®. This is aninteresting

1-28 5



step towards the development of solvents based on physicale gas, resulting in the capture of GQia the formation of
interactions for the capture of GOPhysical solvents, such as solid CaCQ. The CaCQ is then transferred to a second reac-
methanol, have been used for the removal ob@Om natural  tion vessel, known as the calciner, where it is heated to reverse
gas streanf®. This technology is not directly transferable to the reaction, releasing the GOand regenerating the CaO-
the problem of CQ capture from the ue gases of coal red sorbent which is recycled back into the carbonation vessel.
power plants, owing to the low GQOconcentration and pres- A circulating uidised bed reactor, which is a mature tech-
sure of the gas stream. However, the inclusion of hydroxylnology at the large-scale, is considered most suitable for the
groups in a solvent blend might serve to increase the solubilitgarbonation and calcination vessels owing to very good gas-
of CO; in the liquid phase, while serving to reduce the energysolid contacting and temperature uniformity across the reactor
required to regenerate to solvent. However, the addition of exbed.

tra functional groups to solvents raises concerns regarding the

tendency of the solvent to degrade. Coal Air Air

Lo :

2.1.8 Gaps in knowledge and future perspectives

Main Combustor

Post-combustion COcapture is a very mature technology, (Air Blown) ArSeparafion Unit - t—p- N,

with several pilot and demonstration plants currently in op-

eration across the world. Several companies such as Alstom, e 0 l Coal

Dow, PGE, E.ON, RWE npower, StatoillHydro, Total and oth- y y

ers are actively engaged in this research and the deployment of CaCO | roriOnyiuel | Fresh sorbent
this technolog§®. The principal barriers associated with the oy v Combustor

deployment of this option, apart from the obvious economic CaCOu oo | 000t spont sorbent
issues, are associated with the scale up of this technology. The

inherent limitations of currently available absorption techno-
logies when applied to post-combustion capture systems are l
well known and their impact on system cost can be estimated
relatively accurately for a given applicati®f? 84

There are extensive development efforts associated with the
development of novel solvents, such as the CESAR préject
whose principle aims are towards a breakthrough in the devekig 2 post-combustion carbonate looping reproduced from Blamey
opment of low-cost post-combustion @@apture technology. et 5186
It is expected that the results of this project and others will
result in post-combustion GQrapture technologies being the
CO, emission mitigation technology of choice, at least during
initial stages of the large-scale deployment CCS technology.

\ A

N, and other
flue gases

Compression and
Liquefaction Unit

CO, for
[ sequestration

Carbonation is an exothermic reaction and is typically car-
ried out at about 650C, owing to the inherent trade-off
between the equilibrium driving force for GQrapture and
the reaction kinetics. The carbonation reaction is character-
2.2 Carbonate looping technology ised by a fast chemical-reaction-controlled reaction phase that

CO, capture using high-temperature solid sorbents has re@bruptly transitions to a slow diffusion-controlled phase. The

cently attracted a great deal research attention. A particulariffansition from rapid to slow phases is associated with the ac-
promising solid sorbent candidate is calcium oxide (CaO)cumulation of a CaCeproduct layer with coverage suf cient

which can be derived from natural limestone. The processl© Signi cantly impede further conversion (the rate determin-

commonly referred to as carbonate or calcium looping, exiNd Step in the reaction ceases to be the surface kinetics of the
ploits the reversible gas-solid reaction between calcium oxid&€action and becomes instead the diffusion op@®ough the

(CaO) and CQto form calcium carbonate (CaG accord- solid CaCQ product). As a result, the conversion of CaO to
ing to equation (5). CaCQ is usually limited to about 70% in the rst carbona-

tion cycle for carbonation of around 10 minutes duration. Fur-
CaQq+ COyg CaClyy ®)

thermore, the extent of conversion recedes throughout long-
term carbonate looping, e.g. €010% after 30 cycle®. This
The simpli ed process ow diagram, as applied to post- diminished capacity to capture GGs discussed in detail in
combustion capture, is shown in gure 2. In one vessel, the82.2.1.
carbonator, the carbonation reaction between @ad solid By contrast, the endothermic calcination reaction proceeds
CaO separates Grom a gas mixture, e.g., coal-combustion rapidly to completion in a single step under a rangearidi-
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tions above about 758C. However, if the objective is to pro- desa, and mining company, Hunosa, are constructing a 2 MW
duce a pure stream of GQthen thermodynamic limitations test facility for an EU funded project known as CaOfignd
dictate that under a high C@artial pressureq90 vol%) cal- a 1 MW test facility, funded by the German government as
cination must be conducted at 900-930D. To achieve this well as industry funders, is under development at TU Darm-
relatively high temperature, it is generally accepted that addistadt, German$?. In addition, a number of patertfsare also
tional fuel must be combusted in the calcination vessel in puréield related to carbonate looping technologies, and Ohio State
O», requiring an air separation unit ( gure %), though this  University is reportedly demonstrating these processes at in-
is around a third the size of that which would be required fordustrial scale, although details about the projects are not read-
an oxyfuel- red power station. Critically, the energy penalty ily available. Signi cantly, Cemex which is the worlds third
associated with the air separation is partially offset by the relargest cement manufacturer have a pilot plant in Monterray,
cuperation of heat in the form of the hot CaO and,G@eams, Mexico'®. As previously discussed, there is a unique synergy
and heat produced from the exothermic carbonation reactiorhetween cement manufacture and carbonate looping because
which can used to generate additional steam, owing to the higthe exhausted sorbent (CaO) can be used instead of fresh lime-
temperature (650C) at which the heat is released. On this stone as a feedstock for cement manufacture, thus reducing the
basis, the ef ciency penalty associated with £€pture from  direct CQ emissions of the entire cement manufacturing pro-

a power station using carbonate looping is extremely competeess by about 50%. It is important to note that cement manu-
itive; this is discussed in detail in §2.2.3. facture is responsible for 7% of global industrial £froduc-

In addition to the potential to minimise the energy re-tion, and that this sector is otherwise extremely expensive to
quirements for CQ capture, other advantages of carbonatedecarbonise (McKinsey cost curfg).
looping technology include: the unique prospects for syner-
gies with heavy-emitting industry, e.g.: cement manufacturin
(discussed in 82.2.3); use of mature large-scale CFBs, whic
reduces scale-up risk; and the relatively cheap sorbent derivesls previously mentioned, sorbent derived from natural lime-
from natural limestone. Furthermore, whilst carbonate loopstone loses its capacity to capture £@&fter multiple CQ
ing has been introduced in the context of post-combustion capzapture-and-release cycles, and large amounts of fresh lime-
ture, the technology also underpins a family of advanced enstone are required to maintain an acceptable €pture ef -
ergy systems under development for the production of electriciency. However, because of the low cost of the sorbent, this
city and/or hydrogen. These include: pre-combustion capturéoes not represent a critical aw for post-combustion carbon-
via coal and/or biomass gasi cation; selective production ofate looping, and the economics are particularly favourable if
hydrogen from hydrocarbons, commonly referred to as sorbthe exhausted sorbent is used as a feedstock for cement man-
ent enhanced reforming (SE¥®) and energy stora§® SER  ufacturing. The main factors in uencing this drop-off in ca-
is also an essential feature of the Zero Emission Carbon (ZEG)acity are: sintering, attrition, and chemical deactivation to
concept, which represents a step-change in power generatiehe competing chemical reaction with sulphur dioxide §5O
ef ciency predicted to be about 70%, including the isolation these are discussed in turn below.
of a near pure stream of GE. Sintering refers to changes in the pore shape and size distri-

Post-combustion carbonate looping is the most developeBution, and grain growth, which tends towards a reduction in
application and has been identied by The Technologythe total pore volume and reactive surface area. This process
Task Force of the European Technology Platform for Zero-occurs during heating of particles, and the severity is increased
Emission Power Plants as one of the highest priorities for fuat high temperatures, long exposure to high temperature, as
ture R&D. H; production and energy storage represent moravell by the presence of steam, g@nd impurities®. On
advanced applications, characterised by greater potential fahis basis, CaO sorbent particles are most vulnerable to the
the future, but also greater technical ri€ks The discussion effects of sintering during calcination; and owing to the dif-
below relating to performance and cost-ef ciency estimatesferent conditions used in long term cycling experiments (i.e.,
is focussed on the post-combustion application of carbonateemperature, C®and HO partial pressures), and the range
looping, which is rapidly being evolved from the pilot- to of impurities in natural limestones, sintering behaviour should
demonstration-scale. be evaluated on a case-by-case basis.

At present, post-combustion carbonate looping is being Carbonate looping involves handling a large quantity of
tested in a 75 kW pilot plant at Canmet Energy (Ottawa,solids in a highly abrasive environment which inevitably leads
Canadaj?, and pilot-test facilities at about the same scaleto attrition and the formation of nes susceptible to elutri-
are also located at the Instituto Nacional del Carbn (INCAR,ation by the uidising gas. Whilst there has been considerable
Spainy3, Cran eld University (UK)* and the University of  work on attrition of CaO-based sorbents in the context of sul-
Stuttgart (Germany$-%¢. However, the Spanish utility, En- phur capture, there has been limited work relevargadoon-

.2.1 Research Challenges
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ate loopind®2. In the case of CaO-based sorbents for sulphuiof these strategies is to limit the degradation of sorbent mor-

capture, they are exposed to a single calcination phase knowshology associated with sintering and the cyclic carbonation-

to make them more vulnerable to attrition; by contrast thecalcination reaction; and to obtain stronger sorbent particles

sulphation reaction is reported to strengthen the sofént resistant to attrition. Critically, all modi ed sorbents for car-

To some extent attrition is thought to increase,Sfapture  bonate looping are subject to a major economic constraint, be-

capacity by exposing fresh material which may be inaccesseause they must compete with cheap and abundant limestones.

ible to SGQ owing to the formation of a non-porous product Furthermore, irreversible loss of reactive CaO caused by the

layer causing pure blockage and pluggif®y'°¢ There isless presence of sulphur means some amount of fresh sorbent in-

known about the attrition of limestone particles in the con-put may be unavoidable; hence the quality of the fuel used in

text of continuous carbonate looping. It has been reportethe main combustor or calciner may prohibit the use of costly

that limestone exhibits a high attrition rate during the rst cal- arti cial materials.

cination, with a reduction in the rate of attrition during cyc- The USDOE have recently presented a supported amine

ling based on bench- and small pilot-scale experim@it®®  sorbent!®. The production of this sorbent involves a large

However, continued attrition during long-term looping may be number of chemical and physical processes. It has a maximum

a signi cant problem upon scale-up owing to the large volumetheoretical capacity for CQof 0.132 g CQ per g of sorbent,

of material and the quantity of fresh material used. In addi-however this number reduces to 1.01 gQgr g of sorbent

tion, the wide-ranging vulnerability of natural limestones to under typical process conditions. A detailed discussion of this

attrition suggests that they must be individually evaluated. Aarea is presented in the work of Blametyal ..

recent study has shown that particle size reduction owing to Overall, sorbent modi cation strategies have been success-

particle densi cation should also be considered when measful in reducing the rate of decay from sintering and attrition;

uring the extent of attrition during long-term cycling, which however, as far as we are aware, no sorbent modi cation has

is generally quanti ed based on changes in the particle sizeesulted in complete elimination of the problems. Whilst sorb-

distributiont%, ent hydration has been demonstrated as a successful strategy
Competing chemical reactions between CaO and fuelto regenerate exhausted sorbent particles, mechanical stresses

bound impurities, most signi cantly sulphur, also affects the associated with the formation of Ca(QHvhich has a higher

long-term CQ capture capacity of CaO-sorbents. In the casemolar volume than CaC§)makes sorbent particles more sus-

of coal, where sulphur may be present at concentrations up teeptible to attritiof®. There is clear scope for the develop-

about 8 wt%41%, CaSQ may form by indirect (equation (6)) or ment of inexpensive sorbent modi cations in order to improve

direct sulphation (equation (7)) under the oxidising conditionsthe ef ciency and minimise the cost of carbonate looping tech-

in the carbonator and calciner (relevant to post-combustiomology.

carbonate looping). Whilst regeneration of Ca3@CaO can

be achieved, the temperature required is prohibitively high; . .

and thus, sulphation represents an irreversible loss of sorbeztz'3 Performance and cost-ef ciency estimates

which must be replenished. Despite this adverse effect of sulag previously mentioned, the performance and cost-ef ciency
phur on CQ capture performance, it has been suggested thaistimates discussed in this section relate to post-combustion
the reaction could improve the economics of carbonate l00pgarhonate looping, which is being rapidly evolved from the
ing by eliminating the need for a separate ue gas desulphurpjot- to demonstration-scale and is the most mature applica-
isation unit, particularly if the exhausted (sintered) CaO-basegn, of carbonate looping technology. Considerable reductions
sorbentis used as a guard bed at the entrance to the carbonaigrine ef ciency penalty are estimated for post-combustion
1 carbonate looping. Previous researcferf€® have calcu-
CaQg + SOy + 502(9) = CaSQyy (6) lated a 3% efciency penalty drop (plus an additional 3%
for CO, compression), which is consistent with the estim-
1 ates published by Abanades et'al.of 6-8% (including com-
CaCOy) + SOy + EOZ(g) =CaSQg +COyxg (7)  pression). These ef ciency estimates are extremely competit-
ive compared to the 10-12% drop in ef ciency estimated for
292 Modied CaO-based sorbents MEA.—scrubbinglzz. It is important to note that these estim-
ates include the decay in G@apture capacity of the sorbents
Strategies for improving the reactivity of CaO for long-term through multiple CQ capture-and-release cycles.
carbonate looping, include: (i) sorbent hydrati&h12 (ii) Improvements in overall ef ciency equate to lower fuel re-
doping with foreign ion&?3, (iii) thermal pretreatments®(iv)  quirements, less COproduced, the minimisation of the ad-
the use of nanomateridf®; (v) the use of inert porous sup- verse environmental impacts, and an associated reduction in
portst16-118and (vi) pelletisatiod!”. The essential aim of all the cost of electricity (COE). There is less cost-ef cignc
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data available in the literature for more advanced technolopower station will be similar to that of a power station tted
gies such as post-combustion carbonate loopisgmpared  with amine scrubbind?, unless some form of novel produc-
to MEA scrubbing or oxy-combustion, and greater uncer-tion method (discussed below) is used to produce the oxygen
tainty in the cost estimates may be expected. That said,

three studie®123124 evaluate the cost-ef ciency of post-
combustion carbonate looping, reporting £&oidance costs
to be of the same order of magnitude as oxy-combustion, anNO,

consistently lower than post-combustion capture with MEA.  Owing to the lack of N in the combustion atmosphere, less
Abanades et al'?® estimate an increase in the COE for post- NO is formed during combustion (there is no possibility of
combustion carbonate looping from 24-35%, including com-thermal NG being formed}2?, and potentially lower con-
pression but not storage. The signi cant cost advantage ofersion of fuel nitrogen to NQ Similar ndings have been
post-combustion carbonate looping compared to MEA scrubfound during oxyfuel- red combustion in a circulating uid-
bing is because of the use of a cheap sorbent derived froged bed?8. Test ring by Doosan Babcock® 13 conduc-
natural limestone, e.g. priced at 0.0015 USD/mole compareged as part of the OxyCoal-UK phase 1 project, supported by
to 0.544 USD/mole for MEA This is particularly signi cant  the Department for Business, Enterprise and Regulatory Re-
considering the degradation of the sorbent/solvent due to thi&yrm (BERR) indicated that overall NOemissions could be
presence of impurities (e.g. sulphur) necessitating a signi creduced by approximately 50% (on the basis of the heat input).
ant input of fresh material. The sale of exhausted sorbent to SO,

the cement industry has also been proposed as method to im-Owing to the lower overall owrate of the ue gas there is
prove the economics of carbonate looping technol8gy™ 4 higher concentration of SQwithin it, but a lower overall

as well as reducing the G@missions associated with cement owrate of SO, produced. It is suspected that this is caused
production by at least 50% associated with the calcination oby the greater concentration of $@riving the formation of

2.3.1 Pollutant formation

limestone. secondary product8! including retention of S@in the y
asht30, Some have researched oxy ring a uidised bed. The
2.3 Oxyfuel combustion technology situation is more complicated when the formation of,9©®

Oxviuel bustion is th busti f the fuel i . considered in this case. Some research in a circulating uid-
xyfuel combustion is the combustion of the fuel in a mixture <.y bed?8 has found reduced SQuptake when the bed is

of CQ, (recycled from the reactor exit) and pure.@ schem- oxy red, as compared to ring with air, though the results

atic diagram of an oxyfuel- red system is shown in gure 3. were variable depending upon the temperature, with better
SO, uptake at higher temperatures during oxy ring of pet-
roleum coke which the authors suggested was caused by a
change to direct sulphation as opposed to indirect sulphation.
However, they were unable to replicate this change when coal
was used as the fuel.
Hg
Mercury is a serious issue for any CCS system, owing to its
potential effects on the compression systems, which currently
have aluminium parts within them. Mercury causes pitting
corrosion on aluminiur®?, which has caused serious issues
for compression systems in the p&St The potentially higher
Fig. 3 Schematic of Oxyfuel combustion plant concentrations of SQin oxy ring may lead to competition
for Cl between S@and Hg and reduce the ef ciency of the
Oxyfuel combustion imposes no parasitic losses on theransformation of Hg into HgGl This is important because
steam cycle of the plant itself, since it is close to pure;CO HgCl, is more easily removed than elemental Hg from ue
which leaves the boiler. However, there is a signi cant energygas'34,
penalty associated with the separation of air into its constitu- Ash / Fouling

ent parts, meaning that the ef ciency penalty for axyfuel Studies of ash deposition have yielded mixed results, most

probably owing to the lack of suitable standard conditions for
This analysis assumed a circulating uidised bed carbonater and an oxyfouling experiments; since there have been no full-scale tests
combustion calciner coupled with an air separation unit (ASU) about 1/3 theand no optimisation of a real power plant as yet, so different
size of an oxycombustion power plant with an equivalent output. . . L ! -

+That is the amount of sorbent needed to capture 1 mole oft@@ed on the ~ 9roups will have different ame conditions. Some work indic-

price of raw materials in USD for year 2000 ates that there is a relatively small effect of oxyfuel riog
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fouling®5, with a small increase in the amount of ash fouling 2.3.3  Potential Problems and Solutions

on tubes. Others have found in a 1MW test facil#§ that

the deposits from oxy ring were similar in size and compos- One problem with oxyfuel technology which does not affect
ition to those from air ring on the same rig, though perhaps POst-combustion scrubbing to the same degree (particularly
more densely packed. However, in these tests, the temperd@r retro t to an existing boiler) is the potential for ingress of
ure in the ame was lower in the oxy red case than in the air @mbient air to reduce the concentration of &2 the outlet,

red case. Only full-scale testing will allow optimisation of Owing to the sub-atmospheric pressure operation of most boil-
the entire system, including the reduction of ash fouling, to€fs- Two potential solutions &€ to reduce the pressure dif-

take place. ferential between the ambient air and the boiler (though still to
Corrosion maintain a mildly sub-atmospheric pressure) and to seal crit-
Test ring by Doosan Babcock” has found that the high ical points for air leakage with a mantle of GO

CO, and potentially high S®environment inherent for oxy- The separation of air intoNand G prior to the combustion

fuel combustion can lead to enhanced corrosion in the temprocess is the key extra cost for oxyfuel combustion. Four

perature range of 550 - 8800. The average measured rates of main technologies have been identi ¥4 for this separation

corrosion, relative to those measured at the same temperatustep. These are:

for a normal ue gas were 1.6, 1.4 and 2.2 for a gas contain-

ing high SQ concentration, one with high GQ&oncentration 1. Cryogenic air separation. The current industry standard.

and one with elevated concentrations of both. The impactwas  High potential to reduce costs and energy penalty and

found to be higher for lower grade materials. able to produce large quantities of @urrent separation
trains for up to 5000 t/day are availabté).

2.3.2 Pollutant Removal

. ) o 2. Polymeric membranes and molecular sieves. These have
both CCS-enabled and standard air- red £Capture. This power consumption and cost, but are only suitable for
may not be the case for oxyfuel ring, since the cleaning will small volumes.

take place on gas of a quite different composition. An inter-
esting development, recently trialled by Doosan Babcock in
collaboration with Imperial Colleg€?® indicates that simul-
taneous removal of SONO and other gaseous pollutants (in-
cluding Hg) is possible during compression of the C@iven

suf cient residence time and the presence of liquigOHafter

the compression stage. The authors discuss that since the re-
action of NO and @to form NO, according to reaction (8)

3. Oxygen production by chemical air separatiti'*2
Here, a mixture of the nitrate and nitrite salts of elements
such as sodium or potassium are contacted with air, the
O from which reacts to convert NOto NO; , which is
then transported to a desorber where the reaction is re-
versed. This process (Moltox) was investigated by Air
Products (supported by funding from the US DoE); it was
1 suggested that energy savings of 40% were possible in
NO+ 502  NO (8) comparison with cryogenic production ob&?. How-
ever, further development and demonstration of the tech-
is rapid at high pressure and low temperature, it forms during  nology is necessary prior to deployment.
compression. The N£then reacts with Spand HO (the
Lead Chamber process), reaction (9), to fora®@y and NO, 4. High Temperature Ceramic Membranes. Tested by Air
which will be converted to N@by reaction (8). Products at pilot scale (5 t/day) since 2005 with DoE
funding. Potential problems with the technology include
the dif culty of achieving high quality seals at the ends
of the membranes. However, high temperature ceramic
membranes are one of the most promising technologies
2NO, + HoO  HNO,+ HNO3 (10) for O, separation, with the potential for deployment at
both large scale and at low cost.

NO,+ SO+ H,O0  H,SO;+ NO )

Finally, the reactions of N@and HO will yield Nitric acid

3HNO, HNOsz+ 2NO+ H,0 (11)
Overall, in the near future, it is likely that Cfor oxyfuel
Preliminary experiments indicated that within a relatively combustion at scale will be produced almost exclusively by
minor residence time (seconds to minutes) at high pressureryogenic air separation. It seems likely that high temperature
(14 barg), 98% of the SO2 and 90% of the NO (initial concen-ceramic membranes will be the next potential technology with
trations 900 and 520 ppm) could be removed. widespreadpplication.
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2.3.4 Trials Air liquide have presented results for a novel burner with
no mixing of oxygen external to the burdéf. They state
The technology is arguably the simplest method for CCS, ighat this has advantages for ame stability, turndown ratio and
retro ttable and has recently been trialled by Vattenfal at theg|lows the use of dif cult fuels. They furthermore claim that
scale of 30 MW#43, Doosan Babcock have recently equipped his system has improved operating safety, owing to the use of

their 40 MW test burner facility in Renfrew, UK, for oxyfuel a dedicated oxygen circuit all the way along the distribution
ring 144145(see gure 4). system.

2.3.5 Modelling

Current challenges lie in transferring the large body of know-
ledge in CFD simulation of combustion in air so that it de-
scribes oxyfuel combustion. Challenges incliftfethe re-
quirement to include radiative effects in the modelling; this
is more important in oxyfuel combustion than in air, owing
to the ability of CQ to absorb and emit infra-red radiation.
The interaction of radiation with turbulence is also important.
There is little validation of CFD in an oxyfuel environment,
though this is now changing. Hitachi have conducted CFD
modelling and plant design for retro t of an existing modern
power station to oxyfuel ring*?and have concluded that it is
Fig. 440 MW test burner facility at Doosan Babcock's Renfrew  feasible, if expensive in terms of extra fuel utilisation, with net
facility. Image copyright of Doosan Babcock Energy Limited electrical output reduced by more than 24%. Doosan Babcock
and Scottish and Southern energy have conducted CFD simu-

They have found that, when the volumetric owrate through lation of their clean combustion test facilf§/, with support
the burner and the oxygen content of the primary gas is mainfrom drop-tube furnace experiments conducted by the Uni-
tained at the same level as for air ring, with an overall stoi- versity of Nottingham. They found that there should be no
chometry of 1.2, the ame structure and shape were similar fofmajor dif culties associated with oxyfuel ring. They pre-
air ring and oxyfuel combustion (see gure 5). In addition, dicted®” a slightly narrower ame, with increased burnout
a similar furnace exit gas temperature (FEGT) and heat ux(0wing to higher partial pressure ob@nd gasi cation reac-
towards the exit is observé®P. The Callide A power plant tions). Minor changes were predicted in the heat distribution
in Australia is to be retro tted with oxyfuel technology, with Within the furnace, with reduced heat absorption by the lower
CO, transport via tankéf'®. The initial retro t will see the  furnace walls and enhanced radiative transfer of heat to the
equivalent of 30 MWe converted to G@apture. superheater. Validation of the modelling against experimental
measurements is ongoing. With regards to ef ciency penalty,
equilibrium owsheeting modelling by Karakas et &° in-
dicates an even higher reduction in net electrical ef ciency for
aretro t (from 41.5% to 28.8%) though with a smaller penalty
for a new build system.

e

3 Future Directions

3.1 The use of ionic liquids for CQ capture

lonic liquids (ILs) are commonly de ned as liquids that are
composed entirely of ions and that melt below 4O0During

the last decade ionic liquids have undergone a transformation
from interesting, but poorly understood materials to the sub-
jects of huge research activity. There has been an explosion
Fig. 5Comparison of ame structure and shape for both air-red  of both academic research and industrial application. There
and oxyfuel red processes. Image copyright of Doosan Babcock are currently at least eight chemicals processing applications
Energy Limited in use in the chemicals indus3#.

Oxyfuel Firing
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Much of this interest is centred on the possible use of ionic3.1.1 Comparison of ionic liquids to molecular solvents
liquids as “green” alternatives to volatile organic solvents. for CO, capture

This claim rests on the fact that ionic liquids are non—volatileTh - d ditional molecul |
under ambient conditions. Hence, the exposure risk to ionic li- e power of ILs compared to traditional molecular solvents

quids is much lower than it is for a volatile solvent, so remov-COMes from the “tunability” of the solvent properties. Cation

ing one of the most important, and costly to control, vectors,and anion choices can be made independently to maxim-

for their absorption by the body. This is particularly import- 'S€ favourable properties. For G@apture, the most com-
ant for workers in the chemical industry. The non-volatility mon manipulation is to include functionalised anions capable

also leads most to ionic liquids being non- ammable at am-Of reversible chemical reaction with G&3. This will vastly

bient, and considerably higher, temperatures. However, thergcrease the overall GiZolubility in the IL at the possible ex-
are many potential solvents in existence that meet these cr®

ense of easy desorption. However, as an added bene t, the
teria but have not been the subject such intense interest.  S¢/€Ctivity of CQ compared to other gases can be signi cantly
increased. This provides an opportunity for a high degree of
control over the solubility of speci ¢ gases in a liquid medium.
Figure 6 shows some typical ionic liquid cations and an-
lonic liquids have been proposed as “designer solvents” beions. Typical cation classes that have been explored for CO
cause the ability to independently manipulate the cation andapture include (a) 1,3-dialkylimidazoliut??15% (b) 2,4-28
anion provides an easy means of customizing many solvent,N-dialkylpyrrolidinium®5, (c) N-alkylpyridinium!56:157
properties. Solvent polarity, acid/base character, density, vid) tetraalkylammoniurt?®169 and (e) tetraalkylphos-
cosity and thermal stability can all be tuned to speci ¢ procesphoniumt>:158.159 - some common anions would include
needs. lonic liquids have also been proposed as alternatif) halide, (g) bis(tri uoromethyl)sulfonylimide (NT), (h)
media for CQ capture. Much of this interest stems from sev- tri ate (OTf), (i) hexa uorophosphate (P4}, (j) tetra uorob-
eral interesting properties of ILs: a large liquid range, highorate (BR), (K) dicyanamide (dca) and (l) acetate (OAc). The
thermal stability, extremely low volatility, good solubility of wide range of available functionalities for cation and anion
CO, and the ability to manipulate solvent properties throughgive rise to the enormous design exibility offered by ionic
ion selection. The most commonly proposed use of ILs forliquids for a wide range of applications.
CO, capture is in a pressure-swing con guratiA where
CO; is preferentially absorbed from other gases. ,@0uld
then be separately desorbed from the IL through a temperat- @
ure increase or pressure decrease, with effectively zero solvent
loss, owing to the nearly zero volatility of ionic liquids. If the
CO;, is physically absorbed into the IL this desorption process
could be very ef cient.

The thermal stability of ILs provides considerable potential
for CO, capture applications - typical ionic liquids are stable
to over 300C*%1, Combined with the extremely low volatility, o o -

o
this provides an opportunity to regenerate the solvent at a very 5 i F.C—sSs,

. - () | FEC—S==N==S—CF; \'O (9)
wide range of temperatures and pressures, providing an excel- | ; o

lent opportunity for process optimisation that is not available o} o}
using traditional aqueous liquid capture media. Speci cally,

the opportunity to regenerate at higher temperatures and pres- _

sures without fear of solvent degradation could provide a sig- PR BFs ()

ni cant savings in the cost of COcompression. ILs are also

inert to oxidation, even at high temperattite By reducing  Fig. 6lonic liquid cations and anions

or eliminating process losses through thermal degradation, ox-

idative or chemical destruction and vapour loss the amount of

so_lvent needed for the process may be greatly reduced. Th§ 1.2 Anion Effects

will help to offset one of the largest drawbacks to large-scale

use of ionic liquids - their relatively high cost when comparedThe anion has been found to provide the most accessible
to traditional molecular solvents. means of altering the solubility of gases in ioriquids,

12 1-28



mainly through speci c interactions with the solute gas. lonic consequential. For example, the Henrys Law constants indic-
liquids based on the dialkylimidazolium cation have been theate that the C@solubility in N-butyl-N-methylpyrrolidinium
most explored, owing to their low melting points, high thermal NTf, is within 20% of that measured in [C4im][NTf ] 156
stability, relatively low viscosity and commercial availabil- [C;C1C1C4N][NTf,] fared even worse, with Henrys Con-
ity 151, While functionalisation of the alkyl side chains is quite stants nearly 35% higher than for {C4im][NTf 5], indicat-
common®3 the standard anions would be either 1-ethyl-3-ing even poorer C@®solubility. The variation in C@solubil-
ethylimidazolium [GC,im]* or 1-butyl-3-ethylimidazolium ity with changing cation is possibly caused by the minimisa-
[C1C4im]*. These ionic liguids have been the most thor-tion of unfavourable interactions between £&nd the posit-
oughly examined for most applications, including £€ap-  ive charge centre, which is much more delocalized when an
ture'>L. The solubilities of various gases (including €&nd  imidiazolium ring is employetf. These differences are also
N2) at a variety of temperatures and pressures have been dawuch more signi cant than that observed between two cations
termined®2154 A sampling of Henrys constants for Gand  with delocalised charge. The GGolubility in 1-hexyl-3-

N> in some [GCy]-based ionic liquids is available in table 1. methylpyridinium [NT%] was found to be just 4% lower than
The highest solubility of C@was found to be for the [N} for the analogous [@Csim][NTf] 158152 CO,:N, selectiv-
anion, which is one of the least basic anions that has been eities follow similar trends, with imidazolium-based ionic li-
plored. The general trend of decreased gas solubility with inquids outpermorming the other cation types, though the effect
creased anion basicity indicates that physical absorption (cons generally less pronounced than for solubilities.

trolled by the relative strength of the Coulombic forces inthe Comparing ammonium-based cations to phosphonium-
ionic liquid leaving “room” for gases to dissolve) is dominat- based cations is somewhat problematic owing to the typical
ing chemical absorption (the acidic nature of O@ould tend  disparity in the length of the alkyl side chains. However,,CO
to increase solubility in liquids made up of more basic anions)solubility and selectivity in [§CsCeC14P][NTf,] were found
The dominance of bulk physical effects over bulk chemical ef-to be signi cantly lower than for either quaternary ammonium
fects provides an opening for strongly basic anions that do nagr imidazolium based ionic liquid$815° The charge distri-
strongly associate with their cations to perhaps improve CObution on quaternary phosphonium centres is quite complic-
solubility, or at the very least increase @8 selectivity. Ad-  ated, and this effect may be responsible for the lower CO
ditionally, these physical effects are likely to be more stronglysolubility (and selectivity). Coupled with the problematic syn-
temperature dependent than more speci ¢ chemical interachesis of these salts and generally inferior physical properties

tions, which would tend to ease G@esorption. (such as drastically higher viscositié%}, the phosphonium-
based ILs would seem a poor choice for £gapture applica-
Table 1 Henry's constants for C®and N> in [C1C4] based ionic tions.
liquids The other major source of cation modi cation is via adjust-
_ - ments to the alkyl side groups on an imidazolium ring. This
Cation Anion H (bar) T (K) Reference can be done either to introduce @@hilic moieties (such as
[C1Caim] [NTf] 491 303 ™Mt uorocarbon chain®>169 or to improve the selectivity by
[C1Caim] [Bf) 80.0 298 ' excluding unwanted species such as water. This last aspect
[C1Caim] [Bfs]  59.0 208 1° represents an important process consideration when choos-
[C1Caim] [Pfe] 53.4 298 1°° ing an ionic liquid - many of these liquids are hygroscopic
[C1Caim] [NTfs] 330 298 ' (particularly the halide-based ionic liquids) while some are
[C1Ceim] [NTf;] 31.6 298 %6 actually hydrophobic (such as PBr NTf-based ionic li-
[C1Cepyil [NTf]  32.8 298 156 quids)t®L,  Since water can have a detrimental impact on
[C1Capy] [NTf,] 38.6 298 155 the separations ef ciency of ionic liquid§” the exclusion
[C1C1C1C4N] | [NT2]  61.0 303 159 of excess water is an important design goal. Besides anion
[C6CsCsC14P] | [NTf2]  37.0 303 163 choice, the hydrophobicity of an ionic liquid can generally

be altered via an increase in the chain length or hydrophobi-
city of the alkyl chaift®2. This can mean the introduction of

i i 169
e et 2 or
Despite the wide variety of reported cation structures fop CO zyl*">176 hydroxyl*’"178 ether/8-180 aming'>3181.182 pj-
capture, some generic cation effects can be determined. THgle 170172183 sjly| 1681691845y gjloxy| 184,
most important aspect of these cation effects is that they are As a general rule, the introduction of hydrophobic groups
relatively minor when compared to the anion effects, at leaswill make ionic liquids more hydrophobic (easing the exclu-
for the cations studied to date. However, the effects are not insion of water) and improve absolute g@olubility slightly
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while the inclusion of more polar functionalities will improve with an IL (which will not boil) the only energy input neces-
IL-CO> interactions and therefore increase the ) se-  sary for regeneration is that required to break the-@®ine
lectivity by as much as 75982, This trade-off is at the very bonds; the waste energy previously used to boil the water off
heart of ionic liquid selection criteria. has been eliminated. This should reduce energy consump-
tion associated with sorbent regeneration, though it is unclear
whether this will be enough to overcome the other physical
limitations associated with these hybrid ions.

Great care must be taken when comparing ionic liquids - even
to each other but especially to molecular solvents - in terms o
molar solubilities of gases (mole fraction of dissolved §&s)
The vast molar volumes of ionic liquids (a consequence ofonic liquids provide an exciting new option for carbon cap-
high molecular weight) can make these values seem much lature. While currently available ionic liquids display G®ol-

ger than the volumetric solubility (capacity). It is often easiestubilities that are approximately the same as molecular organic
to utilize mole fraction data (or Henrys constants) to gain mo-solvents, the potential for improving these values through
lecular insight into C@-ionic liquid interaction$®!, but the  modi cation of the ions making up the solvent promises ex-
volumetric solubility is a much more important engineering citing opportunities for future improvements. Combined with
parameter. Such a comparison was made by Banahere  the high thermal stability and extremely low volatility of these

it was noted that the volumetric solubility of G@n ionic li- solvents, the potential exists for the design of task specic
quids at ambient temperature is at the low end of the rang#nic liquids that can compete with other @@apture techno-
observed in common organic solvents. For example, the adegies in terms of performance while offering unique physical
thors note that the ambient G@olubility in ionic liquids is  properties that will limit solvent losses and greatly increase the
comparable to DMSO, while the Henrys constants are mordifetime of the resulting capture media. The major drawback
similar to those for acetonitrile. This leaves ionic liquids oc- of ionic liquids, cost, should reduce a great deal as economies
cupying a middle ground in terms of G@olubilities - higher  of scale come into play.

than most polymers but lower than most organic solvents. The

optimum ionic liquid class for C®capture was proposed to
be [G.Cim][NTf,] owing to a con uence of superior physical

3.1.4 Comparison of ionic liquids

§.1.6 Outlook on the future use of ionic liquids

3.2 Recycling of captured CQ

properties and C@solubility and selectivity>. Carbon dioxide has long been identi ed as a renewable C
feedstock (being of low toxicity, highly abundant and econom-
3.1.5 Mixtures of ionic liquids with amines ical) to access ne and commodity chemic&1&87 Further-

more, ever increasing emissions of £highlights the urgent

In order to overcome some of the limitations of ionic liquids need to develop improved means to trap it and transform it to
as CQ capture media, while still taking advantage of their ex- valuable chemicals. However, to date, only a handful of indus-
citing physical properties, alkanolamines, such as MEA, haverial processes actually use carbon dioxide. A number of these
been employed as co-capture agéftsThese IL/amine mix-  rely on the physicochemical properties of carbon dioxide, such
tures combine the COselectivity and stoichiometric capacity as the use of supercritical G@s a solvent (in particular for
(1:2 molar ration of C@: amine) with improved stability on  extraction processes such as decaffeination or recovery of es-
decomplexation imparted by the ionic liquid. This hybrid cap- sential oils}88 or the use of gaseous G the food industry
ture media possesses considerable potential to offer a best @f.g. for use in drinks, or as a refrigeralf). CO; is also
both worlds approach. used in enhanced oil recovery (in its supercritical state, it can

Another hybrid solution involves the incorporation of amine be used as a solvent) and in agriculture (as a photosynthesis
functionality onto the ionic liquid catiot?177:184 While this  enhancer), but none of these applications, excepting EOR, res-
solution did substantially improve GQrapacity through the ult in any net CQ consumption. The potential advantages of
introduction of CQ-reactive groups (up to AL molar ra-  using CQ as a chemical feedstock are:
tios of 1:2), these media can only charitably be referred to as
liquids owing to enormous viscosities similar to liquid poly- 1. CQ, is relatively cheap, highly abundant and could be
mer solutiond®®. This increase in viscosity will increase sorb- used to replace toxic chemicals, such as phosgene or de-
ent circulation costs and damage the potential for industrial pleting resources such as petrochemicals
implementation of these uids. Some of this cost may be off-
set through other processing considerations - for example, the2. CQ, can be transformed into totally new materials, such
complexation energy between the IL and £4ill be similar as new polymers, which could not easily be produced
to that for an amine and GO However, by replacing water from conventionapetrochemicals
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