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Role of solventsin CO- capture processes: thereview of selection and

design methods

Tohid N.Borhanf and Meihong Warig
aDepartment of Chemical and Biological Engineering, The University dfi€lte Sheffield S1 3JD, UK

Abstract

Solvent selection and design are imperative in the €&pture process. The efficiency and the overall
cost of the process are directly affected by the solvent as a consequenceftdcthef solvent on
factors such as CO2 absorption capacity, size of equipment, and solvent regeneragynTéier
review paper aims to review the most important solvents and mixtures of sohlmts)ing CQvia
chemisorption, physisorption and chemi-physisoprtion. Characteristic and structutiéfeoént
solvents are presented with the advantages and disadvantages of each beingekighligtires of
solvents include chemical or physical solvents only, and combinations of physical and chemical
solvents are categorised. In addition to common solvents, phase change solvents are dded.descri
Once a comprehensive list of solvents is presented, different methods of solvent satettiesign

are illustrated, namely methods involving experiments, process and equilibrium moedistiva
models, and computer-aided molecular design (CAMD). The importance of integrated soldent
process selection and design is also discussed. The most recent and selgoded ptudies each
section are reviewed in detail.

Keywords: CO, capture, physical solvents, chemical solvemigture solvents, solvent selection and

design, integrated solvent and process design, CAMD.
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1 Introduction

CO; capture, utilization and storage have been attractive and practical methods to decrease the amount

of CO, emitted into the atmosphere. All these three methods are important in theoh§ii@emission

control. CO, capture methods are utilized to remove the, @@m different gas streams [1-3]. In

utilization processes, the researchers tried to convesti@® more valuable components such as

methane and in storage processes, the captures 8©red by different methogs|[4, 5]. Anthropogenic

sources of

contributing

Co@can be classified into different sectors with electricity and heat gemersdictor

most of it at 42% as shownRigure 1. Anthropogenic C@from electricity and heat

sector emanate from fossil fuel (i.e. coal, oil, and natural gas) combustiog the energy generation

process. To put this in perspective, coal combustion in a 500 MWdirehlpower plant produces

8000-10000 tons of COper day while a similar capacity natural gas combined cycle power plant

produces about 4000 tons of £fer day. As these fuels are predicted to remain the main source of



electricity and heat in the foreseeable future (EIA, 2016), the sectptheilkfore, remain a significant

source of anthropogenic G@mission.
Figure 1: Sources of Ce(IEA, 2016).

Technologies to captufeO; are categorisetb three approaches in literature as Pre-Combustion, Oxy-

Combustion, and Post—combustiov“ [B, 6]. There are different separation methods thatssahibe¢he

above-mentioned approaches. Absorption, adsorption, membrane, chemical looping, hyddate base

separation, and cryogenic [T-9]. The hybrid process attracts attention iih yeaes to overcome the
disadvantages of the standalone met@ [10]. The choice ot&ure method considerably related
to the type of the plant which is producing £4d the type of fuel utilized.

1.1 Motivation of the study

Solvent-based absorption methods are the most well-known and applicable techniques between

different methods of C&xapturg [11, 1P2]. The available solvents that utilized fof €Pture processes

possess a number of weaknesses such as solvent degradation, solvent loss, high corrosiveghss, and
regeneration energy. Therefore, there are four activities to decrease thing@ardtcapital cost of
solvent-based C{rapture process:
i. utilization of alternative solvents

ii. utilization of alternative process configurations

iii. optimization of process flowsheet

iv. Integration of energy with other sections of the power plant
The first activity is the main subject of the current study. In orderaie the C@absorption process
more effective and commercially viable, it is necessary to recognise and deseemargy efficient
and environmentally friendly solvents that are specialized for the solvent®&sedpture processes.
Continues literature reviews indicate the sparsity of academicalsuieratated to the current subject
of study. Mumford et a reviewed solvent based G@apture technologies. They revised a number
of common physical and chemical solvents and briefly had a discussion about mieadssahd their
applications. Budzianows@S] discussed and reviewed the different type of availablesahabtite
criteria for their selection. The authors introduced eight importantiariter solvent selection and
illustrated that the future studies in this area should be condugbeesienting novel single and blend
solvents. PZ, ammonia and amino acids were recommended by the author as promising solvents.
Papadopoulos et ﬂﬂ discussed the design and identification of amine-based sb&@ntapture
using CAMD. The authors demonstrated the importance and effectiveness of CAMD method as
powerful tool for solvent screening and selection for. C&pture. Available studies are devoted to a
few numbers of solvents and there is not an exhaustive study which covers@itehéssn a classified

manner. In addition, in this review paper, the authors tried to cover methods of sdeetbrsand



design with proper organization. It will be a helpful document for allrésearchers working in this
area.

This review paper reviewed most of the available solvents and listed the advantages and aljgsdvant
of each solvent. The characteristics of each solvent are also presentegnahidas a framework to
compare the solvents for G@bsorption. The criteria to select the chemical and physical solvents are
illustrated in a systematic manner. This classification will help the readecdgnise different type of

selection methods and use them in future studies.
1.2 Objectivesof the study

The aims and objectives of the current review paper can be summarized as follow:

To review most of the available chemical, physical, chemical-physical, and mixture solvents.
To list the advantages and disadvantages of each solvent.

To present the characteristics of each solvent.

To illustrate the criteria to select the chemical and physical solvents.

To review the selection and design of solvents using experiments.

To review the selection and design of solvents using process and equilibrium models.

To review the selection and design of solvents using predictive models.

© N o g ks~ w N

To review the selection and design of solvents using CAMD problems.
1.3 Outline of the paper

After the current section, in Section 2 available solvents are reviewedsdiaut solvents and their
characteristics are provided. The solvents are classified into three clasg daeneical, physical, and

the mixture of solvents. The main criteria thatsiroe considered to select the chemical and physical
solvents are presented in Section 3. Section 4 is devoted to solvent selectiongor udésj
experimentsin Section 5, the solvent selection or design using process and equilibriuns racelel
discussed. Section 6, is related to solvent selection or design using peetlictiels (such as quantum
mechanical based models). In Section 7 the systematic method of solvent selection ant design
described. In addition to single and mixture solvent design, the integr&tedtsand process design
also considered in this section. In Section 8, the prospects of the stldstiated. In Section 9, the

conclusions and summary of the study are emphasized.
2 Available solvents

The most important part of the absorption process is solvent and its selection.ri, gehents can
be classified based on propert[l?] but in studies related t@kXDrption, solvents are usually
classified based on their type of reactivity in solut , 19]. Differentlizenof solvents are
chemical, physical, and mixture solvents. ILs are another family of solvents which can bs hstd
physical and chemical solvents. In addition to usual solvents, phase change solverds @mprents

are also reviewed in related sub-sections.



2.1 Chemical solvents

Due to chemical reactions between solvents and carbon dioxide, thesessaheemiell-known as
“chemical solvents Amines, salt solutions, ammonia are some examples of this type of solvents. There
are two reasons that chemical reaction increases@habsorption rat@O]:
i.  The chemical reaction between £4hd solvent during the liquid phase reduces the equilibrium
partial pressure and thereby increases the mass transfer driving force.
ii.  The chemical reaction causes the.@®be consumed at the interface and hence increase the
CO:, concentration gradient at the interface.
The main advantages of chemical solvents are relative insensitivity t@aséd partial pressure,
capture level of acid gases up to ppm, and high absorption and desorption masscwaffafiemts
The main disadvantages of these solvents are high energy requirement for solvenatiegepeor
selectivity between acid gases, the high price of materials, high heat obtadysohigh corrosion,
existence of side reactions, environmental damages, and occasionally due to using sgjuéon the
treated gas will be saturated with wa[ The energy requirement for solvent regeneration is a
critical issue in using the absorption-desorption system which required aro@@926f the power
produced by a power pla3]. The majority of energy consumption is relatedregeneration unit
]. Therefore, the design and operation of the regeneration wmithigdh importance in the
chemical absorption process. Several researchers focused on reducing the energy consuimption of
stripper using by doing new desi24], optimizati 26] and by consideringediffer
configurations for strippers [117, P8].

The most important chemical solvents are reviewed and discussed in the foleafiogs. At the end
of Section 2.1, the characteristics of the most important chemical solvestgrararized irrable 1.

In Table 2, the advantages and disadvantages of different type of chemical solvents are summarized.
211 Amines

Alkanolamines are the most well-known solvents used for &Sorption over the yea29]. There
are numerous studies on different aspects of them from chemistry and kieatitons to
thermodynamic analysis and process modelling in the different type of unit opefafjons [ . 30,
Amines contaifi hydrox}l (-OH) and\lt—lz, -NHR, and NRy)[functional groupk on an alkgdne

group.

2111 Primary and secondary amines

In this type of amines, one of the three hydrogen atoms in ammonia is substitiaapabkyl or

aromati¢. Secondary amines have two organic substituents (alkyl, aryl or botig) fo the nitrogen

together with one hydrogen.


https://en.wikipedia.org/wiki/Hydroxyl
https://en.wikipedia.org/wiki/Amino
https://en.wikipedia.org/wiki/Functional_group
https://en.wikipedia.org/wiki/Alkane
https://en.wikipedia.org/wiki/Alkyl
https://en.wikipedia.org/wiki/Aromatic

2112 Tertiary amines

In the structure of tertiary amines, nitrogen has three organic substniﬂip reaction mechanism
for Tertiary amines is different from primary and secondary amines and no caliarficeined when
dealing with Tertiary amines. Tertiary amines are thought to catalyse thetabsaf CQ by water
through the production of hydroxyl radicals and hence does not have a direct reéttiG® .
Therefore, water must be present for the reaction to proceed.

2.1.1.3 Hindered amines

A sterically hindered amine is defined structurally as a primary amine in \iliechmino group is
attached to a tertiary carbon atom or a secondary amine in which the amindsgadigzhed to a
secondary or a tertiary carbon at [34].

2114 Cyclicamines

Piperazine (PZ) iavery well-known cyclic secondary amivE' 36]. The 8 m solution of this amine
showed volatility similar to MEA but the advantage of faster kinetics (more thae)tand higher
capacity (double) than MEE:F.?[I is also more resistant to oxidative and thermal degradation and can
be used to high temperatures (up to . This amine used as an additive to many other amines.
Morpholine (MOR) is another famous cyclic amine that has been used as a solvent inaGammer
process well-known as Morphys6thrhis solvent can remove the acid gases from raw natural gas or

syngas, selectively.
2115 New amines

New amines are primary, secondary, tertiary, and hindered ones and more aoftthe&nantroducing

in recent years. The structural modification of a solvent has a great@ffént effectiveness of new
amines in CQcapture processes(@-aminoethyl)amino)ethanol (AEEA), 1-diethylamino-2-propanol
(1DEA2P), 2-(diethylamino)ethanol (DEEA), and 4-diethylamino-2-butanol (DEAB) are some
examples of new amin9]. Benzylamine (BZA) is a medium-strong base consistimpyioary
amine functional group attached to a benzyl gr [40]. More information about new amiodseand

types of amines can be found elsewh ereﬂ [4L, 42].

2.1.2 Ammonia

The use of Ammonia as an absorber to capturea®@ HS from gas streams is the subject of research

for many yearq [43-45]. Depending on the temperature thedd@ture by using ammonia can be

classified into two types.
2.1.2.1 Conventional ammonia system

The first type is the absorption of @@t ambient temperature (28 °C) and does not allow

precipitation]. The kinetics of G@bsorption in unloaded aqueous ammonia solution witfbG19
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M concentration and temperatures rangingd®8°’C were measured using a string of discs contactor

. Arigorous rate-based model for €@bsorption using aqueous ammonia in a packed column has
been developed and validated using pilot plant ﬁ [48]. Absorption and desorptidninaqueous
ammonia solution is simulated using a rate-based model in Aspen Plus and validated piidit plant
data. The VLE behaviour of absorption of G{d aqueous ammonia solution is modelled using the
species-group Pizter activity coefficient model and compared with E-NRTL, extended UNIQUAC and
original Pitzer mode@O]. The equilibrium behaviour of G®agqueous ammonia at low temperatures
was studied using experiments and model [51]. A novel process for amipameid CQ@ capture

was suggested to reduce the energy requirement. The authors integrateabgogption, C®
regeneration, product purification, $&bsorption, Nslabatement and recovei@. The effect of S@
loading (0.2£0.3 mol SG/'mol NHs) on VLE of CQ was measured in 2:3.5 wt.% aqueous ammonia

at 20, 40, 6(°C using a Fourier transform infrared (FT-IR) gas analysis method withsaupee
determination stirred tank appara[ The double film theory was utilized to investigate the mass
transfer coefficient to evaluate the ammonia escape (which is a serious probleryistémy utilizing

in CO captur]. An organic solvent (acetone, dimethoxymethane, or acetaldehydefosal (<al

rich, agueous ammonia/GQ@olution under room temperature and pressure conditions. The organic
solvent and C@absorbing solution are then regenerated using Iow—temperatu@eat [5&mnisipg
process modification of the ammonia (NHbased C@capture process is proposed that involves an
advanced flash stripper with a cold rich s[56].

2.1.2.2 Chilled (precipitating) ammonia system

The second process is e€@bsorption at low temperature (aboul@ °C) and desorption of G@ich
stream at aetnperature range of 100—150 °C and pressures of 30—2000 psi. This process is called the
chilled ammonia process and precipitation of some ammonium carbonate compoundses attuer
absorber. Therefore, in this process phase change happen. The low-temperature procesedaps t
the ammonia slip in the absorber and the flue gas voe [46].

The chilled ammonia system also attracted a lot of attention in recentAsatscted number of recent
progress in this process are reviewed. In order to evaluate the mass, energy, and ensagttiow
chilled ammonia process, an approximate model of the-HZO-NHs system is coupled with a
proposed procesEF?]. An aqueous ammonia process is modelled using a rate-based approach. The
model is validated using experimental data and modified to a chilled ammoniagpmodel. The
model was then scaled up to process flue gas from a 580 MW supercritical coal-fireghiao E .

A process for C@capture from flue gas by using ammonia is developed. In order to increagesthe C
concentration in the regeneration section of the process, solid ammonium bicarbgeatrased in

the process. Precipitation, separation, and dissolution of the solid phase sidereohin a separate
section, hence the packed columns remain free of s [59].

2.1.3 Salt solutions



Salt solutions are another family of chemical solvents which are salt inenatgr can produce

electrolyte solution when dissolving in water. The main feature of this family Iewhgrice of them.
2131 Carbonate/Bicarbonate

Carbonate solutions (potassium and sodium) are chemical solvents and have considetalgle posi
characterisations such as low cost, low toxicity, ease of regeneration, slow ewregsiviow
degradation, high stability, and @@bsorption capacity. The carbonate system has been applied in
more than 700 plants worldwide for €@nd hydrogen sulphide removal from streams like ammonia
synthesis gas, crude hydrogen, natural gas, and to a§i[mi|ar to CQ capture using ammonia

the CQ capture by using carbonate solutions can be done in two main categories.

21.3.1.1 Conventional carbonate/bicarbonate system

The reactiorof CO, with potassium carbonate solution is an exothermic reaction. The hot potassium
carbonate process is useful for gas mixtures containing a high amouns.ofl@GCQO absorption by

using potassium carbonate solution is a slow rate reaction. Consequently, prorsttet®is) have

been used in different studies to improve process effici The promoters for potassium
carbonate solution can be classified as organic and inor [60]. Charastenstibehaviour of

sodium carbonate are very similar to potassium carbonate because both of them poadigerable

carbonate in solutioh [GHB,Z,

2.1.3.1.2 Precipitating carbonate solvent system

The precipitating carbonate/bicarbonate system is proposed by Shell whiclotaissputilizes BCO;

with a crystallization and concentration step and thepad®®orption step [(ﬂS b4]. The authors named

the process as Shell carbonate slurry process and reported that a high amouny chertsegeduced

in regeneration and the lower amount of nitrosamine emitted in compare with ithe @Enocess.
Sodium carbonate/bicarbonate solution also used as precipitating solvent. In, ah&tuggearchers
allowed to form the solid bicarbonate is and hence forming slurry increased the capacity ofite sol
. The authors reported that the energy requirement for solvent regeneratisruieat to capture
CQ, is about 3.22 MJ/kg of captured €0

2.1.3.2 Hydroxides

Different types of hydroxides such as potassium, calcium, and sodium hydroeidéiized to remove

CO; from different gas streamss [66{68]. As NaOH is a strong alkadie and OH~ are almost

completely ionized in pure water. Then, the gaseousi€&bsorbed physically in the NaOH solution

and change to aqueous £®fter that, aqueous G@eacts withOH™ to generatélCO3 andC0O3™.



2.1.3.3 Amino acid salts solutions

Amino acids are organic components, which include amine (-NH2) and carboxyl (-C@@ig$ gnd

an amino acid-specific side chain (R group). Amino acid salts (AAS) whicpraduced commonly

by reacting amino acids with an inorganic base (e.qg. I@-Ia{nd NH; ) utilized in a different

study to perform the Cﬂ:aptur]. They can be considered as a subset of amines. Potassium Salt of
Taurine, Potassium Salt of Glycine, Potassium salt of Sarcosine are prominent examples a€idmino

salts([72-7%]. Amino acid salt solutions similar to the carbonate solatin be used in two different

approaches. In addition to amino acid salts, if amino acids are neutralized usimgin base the
product name is amine amino acid salt (AAAS). AAAS showed better behaviour in comipafedBi
76" 77

2.1.3.3.1 Conventional amino acid salt system

Reaction kinetic between G@nd potassium salt of sarcosine solution and also the VLE for both
unloaded and CQloaded aqueous potassium salt of sarcosine at different temperatures aigai@eesti

in the Iiteratur8]. Kumar et ﬂ?Z] measured the reactionikipetween C@and aqueous
potassium salts of taurine and glycine at°@2 They also experimentally examined the effect of
temperature on reaction kinetics at the range of 1Z=32ronu et al ] worked on reaction kinetic
between C@and potassium salt of sarcosine solution. Aronu [78] measured the VLE for both
unloaded (concentration 1-5 M and the total pressure of 4.08-97.8 kPa) atah@#€dl (concentration

3.5 M and the total pressure of 0.03-971 kPa) aqueous potassium salt of sarcosine at differen
temperatures. The authors also used the Extended UNIQUAC thermodynamic model 4o thpre
data. Aldenkamp et aES] measured the VLE of @potassium salt of taurine and glycine at two
concentrations namely 1 and 1.8 mol/kg and four different temperatures. These AAASIzackin

a pilot plant rig and it was realized that it required around half of tippisty steam of the MEA system

:

2.1.3.3.2 Precipitating amino acid salts systems

Amino acids could be presented in solutions in different forms. This happens befctnespresence

of both an amine group (cause protonation), and a carboxyl group (cause deprot@icﬁn}nﬁar

et al. ] observed crystallization in the reaction betweendd@® aqueous potassium taurate solutions
at 25°C. Majchrowicz et aI] investigated the tendency of alkaline (sodium, potassidrtithium)

salts of taurine, B-alanine, sarcosine and L-proline to form solid phase by changing the operating
conditions of the C®capture process. They reported that higher temperatures and lowpardial
pressures lead to higher solubility limits and at higher amino acid salt catmemprecipitation starts

at lower CQ partial pressures. In addition, the effect of the counterion on the soluibiityappears

to be: potassium > sodium > lithium. Finally, the precipitates formed car laenino acid itself (as in

the case of taurate), or more complex ¢€0ntaining) species (as for proline, sarcosine, and b-alanine).
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The precipitation characteristics of fourteen agueous amino acid salt syateminvestigated
experimentally]. The authors reported that a@Qhigh concentrated amino acid salt systems

precipitate in the presence of €énd form two or three solid-liquid phases.
Table 1. Physical Characteristics, the molecular structure of selected chemical solvents.
Table 2: Advantage and disadvantage of selected chemical solvents.
2.2 Physical solvents

In physical absorption processes, Henry's law is applied and the gas absorptioavisdatHiigh-
pressure conditions. In this type of processes, the solvent regeneration may be donetioy refd
pressure and in contrast to the chemical absorption addition of heat is not =. Brgomparison
with chemical absorption, physical solvents have greater absorption capatiter@ece resulted in
lower solvent recirculation rates. Another advantage of the physical solvent setleetivity between
acid gases. The disadvantages of physical solvents are their sensitivity gasapartial pressurei (
must be high), necessity to have a low concentration of inert gases, aadltdiffn meeting HS
specification]. The physical characteristics, molecular structure, and applicatioed-known
physical solvents are presentedliable 3. In Table 4, the advantages and disadvantages of a selecte

number of physical solvents are listed.
221 Dimethyl Ether of Polyethylene Glycols (DEPG or DM EPEG)

The Selexdt is the commercial process which uses DEPG. This solvent is a mixture of Dty

of Polyethylene Glycols. The solvent can be utilized to absegdid CQ physically. Selexol has

the low vapour pressure, high operating temperature, higls@ability, non-corrosiveness, relatively
non-toxic, and well-characterized performance as compared with the other physical eiﬂi@e[84]
favorable operating temperature for the absorbers that use this solvent fall in the range of -20 to 40°C
The Selexol process is utilized in pre-combustion integrated gasificatiohirmancycle (IGCC)
systems to capture QC@. Kapetaki et al] simulated a common two-stage Selexol process to
absorb the C®and HS from a synthesis gas system, simultaneously. They found that in order to
capture 95% of Cexhe required energy is 65% more than the energy necessary for 99éaEi@re.

Gatti et aI.] performed multi-objective optimization of a Sel@xywbcess for the selective removal

of CQ, and HS from coal gasification-derived syngas. Im e [88] added dimethyl carl{Dha),
diethylcarbonate (DEC), and triacetin (TAT) to DEPG solution to improve theoatos of the
SelexoP process. The process used TAT additive is revealed to be competitive wilieleh@P
process without additive in the aspect of both operating and equipment costsrastc@iC and

DEC exhibited a serious solvent loss. £Dsorption performance of DMEPEG solvent by considering

a rate based mass transfer model is studied in Pr@'léieanlator]. Dual-stage SeleXgbrocess in

the IGCC system for removing G@s well as k5 from the syngas is simulat90]. The authors
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reported that by changing the operating conditions, 95% Capture can be obtained by the

conventional, integrated dual-stage Selexol unit.
2.2.2 Methanol

Methanol used as the physical solvent in two well-known processes: Reatisolfpexd?. Rectisof
process is the first process that used an organic component (Methanol) as the Budvabilities of

the Rectisol process to separate impurities that are produced in the gasifa¢atbal or heavy oil,
including hydrogen cyanide, aromatics, organic sulfur compounds, and gum-forming hydnsdaas
been confirmed already. Dehydration and formation of ice and hydrate at the lowatemgseof the
process can be prevented by using Methanol. The operating temperature of Rewtsds is low as
-59.5 to -73.3 °C and the solvent's capture capacity for botha@@HS becomes very high (higher
than that of other physical solvents). This characteristic cause to attainlagreamount of capture.
The process is presented in a very different arrangement to meet specifiemeqis and feed
conditions but there are two important configurations which are the nonselective sfznodass and

the selective version [18].

Sun and Smith| [91] simulated and analyzed a single-stage and a two-stage ‘Reciisiol
configurations in aspects of the acid gas removal ability, heat recovery, equipment requirement, power
consumptions, and environmahemission and costs. They utilized revised PC-SAFT in the process
simulation. Gatti et aI reviewed Rectisol process configurations and applications. They also
calibrated the PC-SAFT equation of state (EOS) for the Retfisotess. The authors gave the details
of process simulation and optimized heat integration, and utility design aimizegk alternative
RectisoP configurations for C@Capture. Gao et 3] predicted the thermodynamic behaviour of
the Rectisdi process by using SAFT EOS. They used a method of equation oriented strategy. Sharma
et al. ] optimized the energy penalty and.@@pture rate simultaneously in standalone Reétisol
process to get the best-operating conditions for varioysc@g@ure rates.

Ifpexol® process uses methanol as the agent for treating natural gas to piefigdration, natural gas
liquids recovery, and acid gas removal in one overall process. SelectiveaterhblS or removal of
essentially all the acid gas can be obtained by using this pss [18].

2.2.3 Poalyethylene glycol methyl isopropyl ethers (MPE)

The commercial name of the process that used a mixture of polyethylene glycd| etiadgics (MPE)

is Sepasolv-MPE process. The process resembles the Selexol in the aspect of utilized solvlet and t
mode of operation. Initially, the process is designed for selective removabdfdtn natural gas and
thereafter the same process was appliedCios capture from synthesis gas[95§)l|owing the

extensive literature review, our findings suggest that there are no studies on this process

2.24 Propylenecarbonate

12



The commercial name of the process that used propylene carbonate (PC)%spFéaess. FluGr
process is suitable for gas streams comprisin@©f partial pressures higher than 60 psig. The
operating temperature for this solvent is betweerfGlid 65°C. The process provides high solubility
of CQ, in the solvent. This process can be used to perform sweetening and dehydratiameously.

In addition, it is useful to remove very low amounts gble.g. 20 ppmv) and also can operate at lower

temperatures by good mass transfer without increasing its viscosity consibly [96].
225 N-Methyl 2Pyrrolidone (NMP)

The commercial name of the process that used NMP as the solvent is*Ruseks. The process can
be operated at ambient and very low temperatures (about -IHi€)solvent has a higher vapour
pressure in comparison to DEPG or propylene carbonate and hence it requirechshde by water

It must be mentioned that, due to the high selectivity &8, the process is mainly suitable to purify
the high pressure, high GOontains synthesis gas from gas turbine IGCC systems.

2.2.6 Glycerol

Glycerol which also well-known as glycerine or glycerin is a simple p|lulgmrlpound. This component

is a colorless, odorless, sweet-tasting, non-toxit and viscous liquid. Nunt(ah.I)['QFS}ed glycerol

solution and measured the £&blubility in glycerol at three different temperatures i.e. 80, 120, and
150°C and pressures up to 32 MPa. They reported that thes@@bility increased by the pressure
increase and by the temperature decrease. They also compared the performancebivilyseme
components having the same chain length. Medina—GonzaleaJs{ad in situ FT-IR methods to
measure the C{solubility in glycerol solution at a wide temperature range (40°20@nd pressures

up to 35 MPa.

2.2.7 Sulfolane

Sulfolane (also well-known as tetramethylene sulfone (TMS) and 2,3,4,5-tetrahydrothidphene-

dioxide) is an organosulfur colorlggquid|with the chemical formula (Gl#SQ,. The solubility of

gases including CQs determined in sulfolane solution at temperatures in the range of 28180
pressures up to 7.6 MFIE'QQ]. Solubilities and diffusivities g Mnd CQ in aqueous and pure

sulfolane solution were measured and correlated for a range of temperature Gm@. In order

to find a microscopic picture of the utilization of sulfolane as tivesd for CQ and H capture, the
properties of this solvent as the physical solvent is studied using diemsitipnal theory (DFT) and

molecular dynamics (MD) computational chemistry methods|[101].

Table 3: Characteristics and molecular structure of selected physical solvents.

Table 4: Advantage and disadvantage of selected physical solvents.
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2.3 Physical-Chemical solvents

ILs are solvents that showed both physical and chemical behaviouir [102] and heonosidered them

in a separate section in the title of physical-chemical solvents. These solvents @weambof cations
and anions and have wide application in different areas due to their unique propertiesloamely
vapour pressure, low melting point, modifiable solvation behaviour, staying ligeidaowvide range

of temperature, inflammability, and thermal stabi 104]. A lot of comibinaif anions and
cations are possible, giving flexibility to the solvent design. Thereforaedesharacteristics can be

obtained by design of different Il{s [105]. However, it must be mentioned that some of the ILs showed

detrimental properties such as toxicity and corrosiveness [106]. Conversély,rasrtber of possible

designed ILs is too high, it is challenging, time-consuming, and expensive to esyhtesis by a
trial-and-error approach.

In physical absorption, the solubility of G@ ILs is determined by free volume, IL size, cation and
anion, while the structure of the amino function group attaching IL domirfees®lubility of CQ in
chemical absorption. This kind of IL is well-known as task-specific ionic ligi®lL)) because IL is

produced with the favorite properties [107]. Boot-Handford gt al.|[108] classifiéfeent type of ILs

and described the applicability of each group properly. According to literatifferent classified type
of ILs is Room Temperature ILs (RTILs); Task-Specific ILs (TSILs); Reversible ILs (RILs). These

different type of ILs can be used with the support of membranes and this process sappoited

ionic liquid membranes (SILMg) [109-1[L1]. There is a considerable number of review papers on the
utilization of ILs for CQ capture|[112-11f8]. Lei et al. [11L6] described the applications of different

thermodynamic models for ILs and also reviewed the solubility ofd®@ some more gases in the ILs.

Zeng et al{ [11B] reviewed all the important review papers related to ILedtftiz CQ capture. They

recognized four main aspects that covered by review papers namely design of new ILsubatasit
specific ones, mixing of ILs with other components, determination of physicochenapal s, and
determination of transport properties, kinetics and etc. They also covered streifaatss microscopic
integration, transport behaviours, and scale up and process design for IL-basegp&ation from the
viewpoint of industrialization.

It is noteworthy that ILs are utilized in non-aqueous (pure), aqueous (mixed with watem)ixaad

with amine for CQcapture. Recently a new idea is proposed to use a blend|of Il{s [119]. By tisimet

the undesired property can be overcome and a balanced and optimum characteristic in aspect of
economic, environmental, and performance can be obtained. General advantage and disadvantage of
ILs is listed inTable 5.

Table5: Advantage and disadvantage of ILs.

231 Room TemperaturelLs(RTILS)
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RTILs are also well-known as conventional ILs in the literature. These ILegreemmon which act

asphysical solvents in the absorption of £&hd most of them have imidazolium-based cations. The

cations in these ILs are organic and anions can be organic or ingrganicJ@23 sufficiently soluble
in RTILs. Prominent examples of RTILs that utilized in Sf@pture are [bmim][PF; [bmim][BF4],
[bmim][Tf2N], [emim][Tf.N], [emim][MDEGSQy], [ompy][Tf2N], and [hmim][BFR].

232 Task SpecificILs(TSIL9)

Functionalization of ILs by a proper component like amines can improve the ILs performalog i

capture|[12L]. These type of ILs act as chemical solvents in absorp@®, Different examples of
TSILs that utilized in C@capture are [pabim][Bff, [Ambim][BF4], [Ambim][DCA], [3BAmim][BF 4],
[bmim][acetate], [AHA][tbp], and [thtdp][2-CNpyr].

2.3.3 ReversiblelLs(RILS)

A new class of ILs, well-known as reversible ionic liquids (RILs) [122]. Thesere obtained by

reaction between CQ@nd a special type of amines or alcohols (such as silylamines). Then, the generated
ILs could be used as a solvent for the physical absorption afl@@refore, RILs enabling a dual €0

capture mechanism [1R3]. These solvents eliminate the energy penalty neagessamynion amine

solutions, increase the selectivity of £@ver N, and increase the Gading.
2.34 Deep Eutectic Solvents (DESs)

This type of ILs is easy to prepare and no further purification steps aresdbqdiich resulted in low

cost, and hence this ILs is more economical than the othar IL$ [124]. Using DESs alssOrbents

were firstly reported by Li et al| [125]. Between the synthesized DESs, chollnddefurea

(ChCl/Urea) is considered as one of the promising solvents to attairstzaigeapplication$ [124]

ChCl/Urea (1:2 on a molar basis) consists of natural compounds, i.e. choline chtatideea, and
hence it is easily biodegradable and with low toxicity. The viscosiGh@l/Urea (1:2) is much higher
than the conventional organic solvents. Therefore, the addition of water as a co-soldadlice the
viscosity significantly but still can maintain the high £@pacity, making aqueous ChCl/Urea (1:2) a

promising CQ absorption solvent [126].

24  Mixtureof solvents

Each solvent has some favorable characteristics, hence the researchers find out thiainirygctihem

they could use the positive features of each solvent. For example, by conplimiagy/secondary with
tertiary/hindered amines the benefit of fast reaction kinetics with &lggorption capacity and low
energy requirement for regeneration will be achieved. The mixture of solvents can be classified as tw
main categories namely mixture of chemical solvents and mixture of physicehamical solvents.

In addition to the usual mixture of solvents, some solvent mixturesestyivase change behaviour.

241 Mixtureof chemical solvents
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24.1.1 Promoted carbonate

As mentioned before, carbonate solutitlase disadvantages of the slow rate of reaction with..CO

Addition of promoters to carbonate solutions can enhance the rate of reactign®[ff8rent type of

chemicals utilized as promotec§ carbonate solution but the most important family of promoter

components are amin60]. Amine-promoted potassium carbonate solution has industéicaqzpl

and reported in several studies [[L28]. In addition to amines, amino acids lisitedxas a promoter
and added to carbonate soluti( 1]29" 13Q].
The phase change behaviour also reported for promoted potassium carbonate solumilango $he

precipitating of the ammonia system, precipitating of promoted carbonate saatiamprove the

system in the aspect of energy utilization [[129,(130]. There are a number eEsuadi research on

promoted potassium carbonate system at the University of Melbourne. Thehesearamed the

process as UNO MK3 which is commercialized by UNO Technology Pty Ltd [131]slpréipitating

system, the potassium bicarbonate precipitates from a promoted potassium carbagratéotioiving
CO; absorption and subsequent cooling. The precipitate is then separated fromidhghlasgelt has

been demonstrated that potassium glycine as a promoter can improve thecO@ry rate of

potassium carbonate solution by up to 6 times [[103].

2.4.1.2 Promoted Ammonia

PZ due to its fast reaction rate is one of the best chemicals thia¢ ceed as an additive to ammonia

solution. This component considerably improves the @i3orption rate. Liu et a||. [1B2] performed

experiments on C£absorption into a mixture of ammonia and PZ a4D0C in a wetted wall column

under the driving force of-5 kPa. Yu et all [133] studied the £&bsorption process using MRZ

blended solutions in a packed column, and developed and validated a rate-based model fer the NH

PZ-CO,-H,0 system. In addition to PZ, other components also utilized as a promoter for tbaiamm

solution|[134].

24.1.3 Mixtureof amines

Mixtures of amines show acceptable performance in plenty of studies and substantial nwartienof

combinations of amines have been examined in recent years.
24.1.3.1 Common mixturesof amines

The tertiary amines which are proper for selective absorption efifC@esence of % and has high
absorption capacity and low cost of regeneration have the weakness of sliom reaetwith CQ due
to lack of formation of Carbamate. Therefore, primary and secondary amines, thetkaseftic, are

added to them as additives in many studies. Chang and Shih utilized an agixoesof DGA and

MDEA to model the C@absorption in an absorbstipper systen) [135]. Rayer et @l. [136] compared

the experimental data from the literature to find the effect oérdifft amines on MDEA as a ternary
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amine at a constant temperature {@). They reported that adding a hindered amine to MDEA could
have the highest amount of €@ading and increase the reaction rate with.CO

PZ which is polyamine-based solvents has more than one active site to reaCOwdtnd hence can
potentially have a high absorption rate, high absorption capacity, and low wolatilérefore, there

are a number of studies on the application of PZ as an activator to ternaeg gfrs n 13B] and also

to hindered amines$ [18P, 140] to perform Lé€apture studies. Rayer et T [136] compared the

experimental data at a constant temperaturé@@rom literature to illustrate the effect of adding PZ
as a promoter to other amines. The authors reported that the mixture ahPhdered amines shows
high absorption capacity and absorption rate fos.CO

In addition to PZ, the other polyamine which showed an effective application in reatiohi with
common amines (ternary and hindered) i€Msminoethyl) ethanolamine (AEEA) [1"142]. AEEA
shows proper absorption rate among amines that are added as an activator to yreeargar Further,

as itis a Diamine compound, one mole of it is able to absorb 2 mdl¥afhus has a high absorption

capacity for CQbut it increases the regeneration gost [143]. Zpghi|[144] considered five additives

reported that AEEA-MDEA aqueous solution has the highest absorption rate.dh@@neral, it can
be said that considerable improvement can be obtained by using blends of amheaspect of

reaction kinetics, solubility, mass transfer, and regeneration energy requient [
2.4.1.3.2 Phase change mixturesof amines

In addition to mentioned amine mixtures, some amine mixtures act as phase change gobkfad et

al. [145] 146] measured heat of absorption of @ad equilibrium total pressures in a mixture of 2-

(diethylamino)-ethanol (DEEA) and 3-(methylamino) propylamine (MAPA) solutica fasiction of

CO; loading at different temperatures. Pinto ef al. [147] also worked on DMAIRA solution. They

found that MAPA is first loaded in the heavy phase with a subsequent reactioemh®&EA and
COu. They also mentioned that the system has the potentialsignificant reduction in the required
heat for regeneration. Xu et gl. [148] reported that 1,4-butanediamine (BlPAJed with DEEA

resulted in phase change solvent. There is a non-aqueous amine solvent processmghi&hasvn

as Self-Concentrating Absorbent €@apture Process and presented by 3H Compgany| [149].

Thermomorphic biphasic solvent (TBS) systems are another phase changing mixanngsesfwhich

resulted by blending lipophilic amines to release ©Qhe regeneration in lower temperatures (about

80°C) in comparison with usual amines (about 12P[15(Q].

24.1.4 Hydroxides-Carbonate

A small fraction of research focused on a mixture of hydroxides ahdreates. Gondal et gl. [151]

studied the solubility of PO in aqueous solutions of hydroxides (containing lithium, sodium and

potassium ions) and the hydroxide blends with carbonates in temperature?0 (@5 and

concentrations (0.68 M). Gondal et al{ [152] measured the Cabsorption rate in the hydroxide-
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carbonate mixture in the temperature range of 2364They also presented a kinetic model for the
system that can predict the kinetic by 12% AARD.

24.15 Aminoacids-Amine

The mixture of amino acids and amines also attracted the researcher'sratfEimi speciationsi
determined for several amino acids including L-Proline (PRO), L-Alanine (AL/ASerine (SER),
Taurine (TAU), Glycine (GLY) and Sarcosine (SAR), mixed with MEA arnith @ifferent CQ contents
mp. The solubility of CQin a blend of the aqueous solution of potassium prolinate (KPr) with PZ

and AMP studied experimentally and theoretically [154].

242 Mixtureof physical and chemical solvents

In this type of processes, the physical solvent captures the acid gas bulk and tloalchalment
purifies the gas stream to rigorous levels, simultaney [18].

2421 Sulfolane-Amine

Tetrahydrothiophene dioxide is an organic component well-known as Sulfolane. The commercial name
of the process that used the mixture of amine and sulfolane as the solventisl $uditess. One of

the main benefits of sulfolanamine solution to capture acid gases is the ability to simultaneously

remove mercaptans and COS, which cannot be absorbed by using pure chemical [solverfthg155]

Sulfinol process can strip G@own to 50 ppm at LNG plants. The physical features of the aqueous

solution of sulfolane-amine allow the relative quantities of water and sudfadavary and the energy

of regeneration to be reducgd [156].

24211 Common mixturesof Sulfolane-Amine

In this type of solvents, there is not any solid precipitating. Zong and Chenutls®id ENRTL for

the liquid phase and PC-SAFT for the gas phase to modebd@DHS solubilities in sulfolane-DIPA

and sulfolane-MDEA solution. Ghanbarabadi and Khoshandan] [157] compared the applicability o
sulfolane-MDEA-water, DGA, MDEA-AMP, and MDEA in the capture of £®LS and more
components in process simulation. Their results show that more than 30-40% of mercaptawilal

sour gas is absorbed with a sulfolane-MDEA-water solution of lower floey kmasting 10-25%
reduction in energy consumption associated with solvent regeneration. In additiolittleemaste of

solvent is observed in comparison with amine solvents (MDEA-AMP, DGA, and MDEA). Dash and

Bandyopadhyay [158] worked on a mixture of MDIE&X-sulfolane and measured the VLE data and

modelled them by using ENRTL thermodynamic model.
24.2.1.2 Phasechange mixturesof Sulfolane-Amine

A mixture of DETA, sulfolane and water exhibited phase change behaviour at diffargdratures

and CQ partial pressures [159The results showed that DETA and Ofere placed mainly in the
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upper stage and sulfolane mainly remained in the lower stage. During the reactBifofdh CO,
in sulfolane, the carbamate, dicarbamate, and tricarbamate will be produceddahéteth have low

solubility in the solution and hence cause biphasic separation.
24.2.2 Amine-alcohol

Primary amine-methanol. The commercial name of the process that used this migtereagent is
Amisol process. Yu et a@SO] proposed a non-aqueous mixture of PZ and dietiytt¢DEG) in
RPB. It was reported that the 40.8 wt% PZ could be dissolved in DEG°@t\&2idhout precipitation.
The regeneration energy could be reduced because the heat capacity of DEG is lowatethah

study focused on the solubility of G@ the mixture of MEA and glycerql 6t}. The authors found

that at lower pressures the solubility of 84@glycerol solution is higher. In another study, the solubility
of CO, was measured at atmospheric pressure and different temperatures in the mixitre aid

Glycerol [162]. In order to decrease the vapour ization of methanobitsinmiwith MEA, TEA and

Glycerol are investigated namely MEA-TEA-Methanol, MEA-Glycerol-Methanol. Byegsing the
concentration of TEA and decreasing the concentration of MEA, the absorption @ateagure

efficiency, and absorption capacity all decregsed|[163]

Some non-aqueous mixtures of amines and alcohols show phase change behaviour, e.g. @ mixture
AMP and Ethylene Glycol (EG) [164]. The authors reported that in comparison with ARG €D

AMP-triethylene glycol (TEG) solutions, the loading of GO AMP-EG solution is higher especially

at a lower partial pressure of @@n addition, the viscosity of ) AMP—EG solution is also lower.
2423 AmineslLs

The main reason for blending amines with ILs is related to the reduction ofibégisity of ILs which

cause problems for the GCGapture process, improvement of 8fapacity and selectivity [165].

2.4.2.3.1 Common mixturesof amines-ILs

In the case of mixing amines with ILs, it was reported that the increase of amine conceetadsdo |
an increase in the solubility of G@ the mixed solvent. The solubility of G@ this mixture is more
than standalone IL solutiovlusj%]. However, it must be mentioned that this mixtarighssiscosity
167].
Zhao et al{ [16]7/] measured viscosities,,Capture rate and the capacity of 16 various absorbents. They
reported that one gram of MDEA-[MDEA][CI]-4D-PZ could capture 0.158 gram of £€Geng et al.

@I} added different amounts of tetramethylammonium glycine ([N1111][GIVJDMEA aqueous
solutions of higher concentration. An aqueous solution of 15 wt% [N1111][Gly] and%5WDEA

has significant regeneration efficiency. Yang et fal. [168] proposed 30 WIEA-40 wt %

[bmim][BF4]-30 wt % HO solution for CQ capture. They illustrated that the energy consumption of

the proposed solution for regeneration and MEA loss per ton of captured@dower than that of

aqueous MEA solution. Bernard et pl. [169] reported corrosion and$orption behaviour of the
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mixed IL—amine solutions. The authors performed the absorption tests at 45 °C and at a pressure of
0.1-2.7 MPa. The corrosion tests were carried out at 45 °C under 2.7 MPa. They found that addition of
[bmim][BF4] in aqueous alkanolamine solutions reduces corrosion rate for MEA by up tor@agp.
et al.[[170] reported that addition of IL to MEA aqueous solution reducddsbes of MEA and water.

In addition, the thermal energy at stripper of IL mixed absorbent is 33.8% tloarethat of aqueous
MEA solution.

2.4.2.3.2 Phasechange mixturesof amine-ILs

In addition to the usual mixtures of amines and ILs, there are some mixturepdhatecas phase

change solvents. Hasib-ur-Rahman ef al. [171] mixed DEA with ILs. The resultpvapex solvent

that can capture Gy producing DEA-carbamate crystals without any equilibrium limitations. This
enabled easy separation by having a reasonably smaller solid carbamate volume asidgpcost-

effective regeneration.
24.3 Mixtureof physical solvents

Mixture of different alcohols as a solvent for carbon capture is reported H‘ld'neﬂ 172-174]. Carrera

et al.|[172] blended glycerol with three alcohol namely ethanol, propanol, and botdreolé mperature

range of 40-60C and pressure up to 12 MPa. The authors used the PR equation of state to correlate the

results of COx-glycerol-ethanol and showed good agreement between predicted and experimental

values. Pinto et all [173] mixed glycerol with methanol in the temperaamge of 30-7CC and

pressure up to 22 MPa. They presented phase equilibrium data for the system. They considered three

different methanol to glycerol ratios. Araujo etlal. [[L74] considered glyeétiolethanol in 30-70C

and pressures up to 26 MPa. They worked by three different glycerol to ethanol molar ratios.

The mixture of Sulfolane and alcohols also attracted attention. Xu gt7&] €orrelated density,

viscosity and the dissociation constant and solubility e® Nn the mixture of Sulfolane, 2-
piperidineethanol (2-PE), and water. The authors illustrated that in addition &stihigytsystem their
correlations are useful for binary solvents likBE2Water and Sulfolane-Water systems. Li and Mather
TI] correlated the solubility of CGCand HS in a mixture of 2-PE, Sulfolane, and water by using
Clegg-Pitzer equations at different temperatures. Li ¢t al{ [177] comhiniediquid and polyethylene

glycol (PEG) to absorb and desorb theChe authors reported that both chemical and physical
absorption exists in the system and IL enhances the kinetics of the absorption anéibdesotd,

significantly. Recently, Aghaie et al. [178] evaluated the solubility L&f &t various operating

conditions and the influence of impurities/additives such as water and toluene.
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3 Criteriato select and design of solvents

3.1 Chemical solvents

Tennyson and Scha{f [479] illustrated that the criteria to choose the best $otv€@, capture
depends on the composition, temperature, and pressure of the feed gas and the desired specification on

the treated gas. They presented a logarithmic diagram and located partiakbpp€€X in the product

in the horizontal axes and partial pressure ot @Ofeed in the vertical axes. Veawab et|al. [180]

illustrated that the essential elements of solvent selection criterioneade gas characteristics
(composition, pressure, temperature, etc.) and the treated gas specificationtbe(ifgocess

requirements). Hoff et al. [181] discussed fourteen different criteriantiiat be considered when

selecting and screening solvents for G@pture. The authors divided these criteria into two main
families: criteria based on kinetics, thermodynamics, and mass transfer propertigtedadased on
health and safety executive (HSE) and operability. Liang ﬁl. [42] addresdetalhy three important
aspects that must be considered during evaluating reactive solvents and selectimg aptirating

conditions namely solubility, reactive kinetics and chemical species analy§&l©f capture. Liang et

al. [189] reviewed ten of these criteria with considerable details. Mota-MagiradZ[183] indicated

the importance of accounting transport and kinetic properties of solventsatieat significant effect
on the size of equipment and capital cdstey mentioned that within the research community, the

focus was more on equilibrium properties that are related to operating cost of CCS units.
3.2 Physical solvents

Different parameters must be considered during physical solvent selection: aagiitplrity of treated

gas, the concentration of GGand hydrocarbon loss. Experience and inventiveness of the designer in
adjusting the process to the case at hand, and method of dealing with impuaitiesy be present
(such as COS, NH, aromatic hydrocarbons) also play important role inirgglpbysical solvents.
Other different parameters such as corrosion, foaming, or other operaibignps which cause to
replace the initial solvent, vapour pressure of the solvent, solvent gtadhilirgy loss, stripping gas
necessities, and the cost of process royalty should be considered eII [18] h&/percess is
operating in high pressure the physical solvents are more suitable because they camebateddoy

reducing the pressure. The physical solvents are also more efficient for concentrastic&0s.
4  Selection and design of solvents using experiments
4.1 Description of method

The experimental VLE data has high importance on the selection of the best &miv@@t capture

process| [136]. High-pressure conditions are suitable for the reaction be@@eand chemical

solvents, hence the challenge is finding an effective sobtdoiv partial pressure conditions. They

demonstrated that the best choice of solvent depends on the partial pre€Xbremthe selection of
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solvents using experiments, the authors compared the effectiveness of two or more soltresit
mixtures together, experimentally. Different type of apertures areedtikdth the method such as
wetted wall columns, pilot plant packed columns or any other type of unit operations td toamtac

phases. This method is used to compare and select chemical, physical, and ILs.
4.2 Advantages and disadvantages of the method

The advantages of the method are related to its ease of application. The main sveaftreemethod
is that a few numbers of solvents are utilized in the study. Experiments are ameagstisuming and
expensive. Therefore, it cannot be said that the selected solvent is the best option.

4.3 Review of related studies

Ma’mun et al. 18§|ﬂ compared seven amines experimentally. They also considered some mixtures as

well. The authors reported that AEEA is a potentially good absorbent faricgpCQ from low-

pressure gases. Singh et @l. [[L85] compared different alkanolamines in the aspecfiaicthef

structure on and capacity for @@bsorption. They found that decrease of the rate of absorption and
increase of capacity of absorption will be obtained by increasing the chain lengédehdhg amine

and various functional groups. Aschenbrenner and Styfing| [186] conducted experiments that

investigated several non-toxic and low-cost solvent<Cios capture. They compared the mentioned
solvents in the aspect of thermal stability, L0lubility, and selectivity over N They reported that

poly (ethylene glycol) is the best solvent in comparison with the other onde High stability, low

solvent loss and low stripping energy. Chowdhury e} al.|[187] selected AMP and MBHE#® base

case for comparison and synthesized nine new amines. They reported three highapeg@amines
with the high rate of absorption and low heats of reactions in comp#&wigddaP and MDEA. Freeman
and RocheII] calculated Maximum Estimated Stripper Temperature (MEST) parbasstdron

experimental data from the literature for comparison of 46 pure amines and 1lembftamines in

the aspect of thermal stability. The authors reported morpholine, piperidine, andipgasathe most
thermally stable amines. On the other hand, alkyl chain or alkanolamineshaiibing combinations
of methyl substitution, hydroxyl substitution, and amino functions were fagndnstable amines.

Chowdhury et al ES] compared twenty-four different tertiary amines by comgjddDEA as the

base case in terms of absorption rate, the amount efaB§drbed, cyclic COcapacity and heat of

reaction for each solvent. Three of these amines were synthesized by authagli Baa. ([189]

experimentally compared the usefulness of several solvent-free amines. The statedrghat is not
necessary to use any organic or aqueous diluent for these types of amines as they are in the liquid state

prior to the experiment and after t8€, uptake. Zhang et 51I. [1D0] collected seventy-six conventional

ILs and screened them for energy consumption to identify potential ILs foc&i@ure. They selected
seven ILs and calculated the energy consumptions of them. The amount of required energy and

characteristics of seven screened ILs were compared with those of 30 wi%dWIER and DEPG
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They reported that the energy consumption of all seven ILs is less than three mentioeets.sol

Muchan et al] [19[1] tested and compared amines in the aspect of the rate of absorption and desorption,

pKa, the partial pressure of GQhe heat of regeneration, and heat of absorption. They reported that
due to the negative electron withdrawing effect of the hydroxyl groups, amittesnate hydroxyl
groups showed lower performance in all the,@&pturing activities. They also selected amines with
only one hydroxyl group and blended them as binary and ternary mixtures anditélidpetter
performance in the initial rate of desorption and energy efficiency compared to 5 M NHArso

5 Selection and design of solventsusing process and equilibrium models
51 Description of method

In this type of studies, the authors developed a process vlﬁod b| [192] and evaluettttiod a few

numbers of solvents on the carbon capture level of the system, heat of absarplicCQ capture
capacity. Therefore, this type of studies also could be considered comparsiies. dDifferent types
of assumptions can be considered in the modelling and the models are from tEimjgorous.
According to our literature review, this method is used for both chemical and physical solvents.

5.2 Advantages and disadvantages of the method

The advantages of the method are that it is economical and after developing mocih theyised for
different conditions and operations. However, it must be mentioned that the models nal&tabedv
using appropriate experimental data. Similar to selection and comparison of solirenexpsriments

a limited number of components can be used in these type of studies.
5.3 Review of related studies

MEA solution (30 wt%) is compared with mixtures of MEA-PZ and MDEA-PZ by ushey t
equilibrium-based model of strippl3]. The authors also considered four types of citfitgufor

the stripper in their study. They showed that matrix configuration and MDEAHRE 22% energy
saving comparetb MEA solution. Inaninteresting study Burr et @93] the four physical solvents

(DEPG, Methanol, NMP, and propylene carbonate) are compared with each othasioftacid gas
removal ability, equipment required and power requirements by using the procelgasi ProMax

Kothandaraman et a'. [1D4] compared MEA with potassium carbonate solution using siminlati

ASPEN PLUS. Urech|[l95 compared three Capture processes by using process simulation. They

considered Selexol, UNO (participating potassium carbonate solution), and MEA (or MD&AXNB

et al. |[128] worked on the industrial absorption ofG@o DEA-potassium carbonate solution in a

packed column in ASPEN PLUS They changed DEA with other amines and compared the

effectiveness of them as a promoter on carbonate solution. The authors reporMBAhsthows

promising performance as a promoter for@€moval. Sharifzadeh and Shah [[L96], compared amine-

promoted buffer salt solution with MEA solution in a rate-based mod@&@Ai§ toolboxes. In another
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study|([197], they compared a new developed solvent GCCmax with MEA and reported that GCCmax

has features superior performances compared to MEA. In addition, the authalscetr@a new

methodology to assess the performance of Capture solvents [1?7]. They faced the problem as

retrofitting an existing pulverized coal power plant with post-combustion cardoture using two
solvents namely CDRMaxafi amine-promoted buffer salt (APBS)) and MEA. They reported that the
CDRMax offers high C@ loading capacity and thus reduces the circulation rate significantly as
compared to MEA.

Chen et al|[198] compared the performance of Selexol, Rectisol, and water by useuyetidal

method. This method was established to evaluate the mass transferinfaationary single droplet.
Rectisol had the highest absorption rate and capacity to captweai@@hg the three solvents.

Koytsoumpa et al. [199] compared Rectisol, Selexol, potassium carbonate and MDEA in thefaspect

efficiency and feasibility. The study presents a comparison among the conceptual aiedigess and
energy analyses of the four processes integrated with thaoeBAIG system, based on ASPEN
PLUS®. A comprehensive comparison between ammonia and amines aabS@ption solvents

performed|[200]. The authors used information such as energy consumption iratégersand CQ

capture efficiency to compare solutions. The solubility of, @@d carbamate concentration in DEA,
MDEA, and DEA-MDEA mixture is modelled using equilibrium models based on Deshmukh-Mather
thermodynamic models Ry [2D1]. The performance of DEA, MDEA, and DEA-MDEA solutid@&.in

absorption is evaluated and compared using the electrolyte-UNIQUAC theraroidy model in a

rigorous equilibrium modg|l [202].

6 Selection and design of solvents using predictive models
6.1 Description of method

In this approach, the predictive models act as screening tools. There is a diffeecot predictive

models that can be used to perform screening and selection of solvengs.d@ntribution models

(SAFT, UNIFAC,...), Quantitative Structure-Property Relationship (QSPR) models, computational
chemistry methods (quantum mechanical based models and molecular dynamic) are some examples of
predictive models that used to predict different properties for differerpaoents and purposes. These

methods are used to select the ILs in the majority of studies.
6.2 Advantages and disadvantages of the method

The advantages of using predictive models as a screening tool are their easeaifapfor a large
number of components. In general, it can be said that these models are "forward problemsanamely
desired property for a list of components can be calculated using a differenf fyoperties related
to chemical structure and other properties of components. Therefore, they must dx fapalil the

generated or collected components as solvents which cause sometimes extensive calculations.
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6.3 Review of related studies
6.3.1 Group contribution models applications

The Statistical Associating Fluid Theory for potentials of variaitge (SAFT-VR) is utilized as an

EOS to model and evaluate the behaviour of alkanolamines, water, ansy§€t€m|[208]. A more

predictive approach is the development of group parameters for these mixturesvith uke group
contribution (GC) SAFTr SW (square well) approagh [204]. UNIFAC model is utilized for the first
time by Lei et al] [20B] to predict the G®olubility in 22 pure ILs and in the binary mixture of ILs at

high and low temperatures. Therefore, their study showed that UNIFAC can be usqutogeer
predictive model for screening the ILs.

6.3.2 Computational chemistry models applications

Between quantum mechanical based models CSOMO-based models utilized widely in thermodynamic

studies especially in CCcapture studies [20p, 2D7These predictive thermodynamic models are

utilized to predict some key properties that can help to select the beddataadietween solvents.
COSMO-based methods do not have adjustable parameters and therefore, experimemeahdata a
required for them. They are particularly appropriate for the screening of pbtestfor CQ, capture
@l}.

Zhang et al| [20[8] used the COSMO-RS model to predict Henry's constant of ILshachaypool of

24 cations and 17 anions and hence 408 ILs. As higher Henry's constant means the lower, sbtubility

authors used Henry's constant as a criterion for ILs selection. Finally, they stiesteldl s which are
not solid at room temperature and obtained them from Merck KGaA. They measurediliigysof
COz in [hmim][FEP], [bmpyrr][FEP], and [ETT][FEP] at three temperatures namely 28298.6 K,
and 323.3 K and different pressures up to 1.8 MPa. Palomar @I. [206] illushatedet van der

Waals forces accompanying with the solute in the liquid phase contrGlGhabsorption capacity in

ILs, which is measured in terms of HeiwrLaw constants. They screened over 170 ILs with COSMO-

RS to design new ILs that increase physical absorpti@Qef Liu et al.|[209] proposed a screening

method to select the best ILs between 90 classes of ILs, based on COSMO-RSmabsbrption
mechanism, and experimental data. The author consideredd@@ility, CQ-CH. selectivity and

toxicity and viscosity of ILs as selection criteria. Refief [210] z&ii the Hansen solubility parameters

(HSPs) as the only parameter to screen a large number of amines and ILs solutions.
6.3.3 Chemometric model applications

The chemometric methods are based on molecular structure and use chemical stredure-bas

parameters to predict any type of properties [RIP|. The QSAR/QSPR method has been used in

several solvent designs and selection studies, the majority of which are relhtedesign [213-21/5]

The first attempt in this area was the work of Matsuda ¢t al| [7h&y used QSPR methods coupled

with descriptors of group contribution to design new ILs for applicationsr dttan CQ capture.
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Furthermore, to predict the property of viscosity and ionic conductivity sf some models are

developed. In order to predict the pseudo acidity constant and the absorption isotihemminds, a

statistical neural network model is presented by Porcheron (et %r [216]atveamkn et all [214] used

evolutionary de novo design to obtained imidazole-based solvents focap@ire. The authors used
QSPR methods to compute the density, viscosity, biodegradability, and acid dissociatiort Guikajan
which is a proper criterion for solvent reactivity.

7  Selection and design of solventsusing CAMD problem
7.1 Description of method

Due to the existence of nedeal interactions between solvents, £é&nd water, the selection of the

best solvent for such a system is very challenging. In order to select the mostspieget, several

properties such as thermodynamic, kinetic, and sustainability must be consideredera crit

simultaneously [18||L, 217] but the mentioned methods in sections 3-5 only consider a few number or

some cases only one criterion to select the solvents. On the other hand, the thieeddesthiods in
sections 3-5 expect some predictive models are screening methods, not design methods.

Therefore, a systematic method is proposed and developed in recent years ¢o detegh of the best
single and mixture solvents for G@apture and also for selection and design of solvent integrated with
the process. In a systematic selection of solvents, there is a large pool o&tnditl a predictive
model that is described in Section 5 must be used to identify useful solvent candidates. Thif approac
is well-known as computer-aided molecular design (CAMD) and tries to select trendegptimum
components for a special purpose from a pool of molecules and structures. The CAMD gsoblem

known as “Reverse Problem” in which the component structure is design by giving the desired

properties. There are three main approaches to dealing with CAMD probler"s [218, 219].

7.1.1 Generate and search (test) approach

In this approach, the molecular groups and target properties are identifiedffesthAt, a feasible set
of compound structures are generated. Then the properties of generated siuetpredicted. The

desired solvents can be selected from the identified components with predicted target pfopdrties [220

This method can often result in finding optimum solvents or products over afpnolexules without

solving a potentially complex optimization problem [221].

7.1.2 Algebraic modelling approach

In this approach, a set of algebraic equations representing the property and stroctiraints are

solvent at the same time to generate the target moldgculgs [222].

7.1.3 Mathematical optimization approach

In addition to two mentioned approaches, the CAMD problems can be expressed asatmimiz

problems. The solvent selection and design optimization problem is a mixed mialieear problem
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(MINLP) in most of the cases [2[L8]. Most of the studies on Epture are performed by using this

method and it is described by the detail in Section 6.3.
7.2 Advantages and disadvantages of the method

The numerous number of molecules and components can be evaluated systematically using this method.
The challenges of CAMD method are related to the availability of predictive modells pooperties,
numerical issues related to generated components, the high degree of nonlinearipyaifléme, and

generation of a large number of compongnts [223].

7.3 Review of related studies
7.3.1 Singleand mixture solvent selection and design

In this problem, the structure of the solvent is the only design objective.chkeatic diagram of
single and mixture solvent and selection design is showigim e 2.

Figure 2: Single and mixture solvents selection and design problem framework.
The single solvent selection and design can be formulated as follow:

min C(n,p)

n
p=f(n) Solvent predictive model

hi(p,n) <0

h,(p,n) =0 1)
s;(n) <0

s,(n) =0

Pmin < p =< Pmax
Npin SN = Mgy
whereC is objective or cost function which depends on two set of variables namely negtdvector

p. Vectorn demonstrates relevant structural information of the designed molecules ancvisdtue
vector of properties. The constrairtts and h, are related to property values and desired structural
featuress, ands, ensure structural feasibility. The similar formulation can be considerenixture
selection and design:

minC(n,p,q)
nx
q = f(x,n,p) Solvent,property,and mole fraction relation model

inzl

L
hy(p,q,n) <0

h,(p,q,n) =0 )
s;(n) <0
s,(n) =0

Pmin < p < Pmax
Nmin =n< Nmax

Amin < q < Amax
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where here is a function of1, p, andg which g is the mixture property variables. The main elements
of the single and mixture solvents selection/design optimization problem are:

(1) Design space: This space contains different molecules and mixtures and a wide range of
operations.

(i) The solution of the problem: Different type of algorithms can be utilized to solve CAMD
problems such as deterministic algorithms and stochastic (heuristics) ones. In addition,
large optimization problems can be solved as a series of optimization sub-grdiylem
using decompaosition methods.

(iii) Predictive property models. These models relate molecular structure to physical
properties and estimate property. In general, the predictive models must predict phase
equilibria, caloric values, transport properties, kinetic properties, and plaetion product
morphology or toxicity.

Papadopoulos et a{l. [2[L7] considered several criteria and developed a systematicgsonetrod.

They selected the best solvent candidates based on the criteria from 126 collgraeadiable amine-
based solvents which had enough data required for GC or other methods toecalogatties. The
authors used the SAFT-VR and SAkEquation of states to predict the vapour -liquid equilibrium

behaviour of solven€O,-H,O for the selected solvents. Chong et|al. [106] developed a systematic

approach to design an optimaltti.captureCO,. The significant contribution of the presented approach
in their work is the introduction of disjunctive programming to idergjfimal operating conditions of
the process involved while solving the IL synthesis problem. Chonglet %r [224] presented a simple yet

systematic visual approach to design IL solvents for carbon capture. A systemattage@pproach

has been proposed to discover the properc@ture solvents [225]. This approach initiates with a fast

screening stage in which the solvent structures are evaluated based on the simudtarsiderstion
of important pure component properties reflecting thermodynamics, kinetics, andahitaitn the
second step of the approach, the solvents are further selected and evaluatedriEing§\BAo predict

the non-ideal chemical and phase equilibrium of the solvent-water-carbon dioxideres.

Zarogiannis et al| [236] repeated their methodolpgy [217] with a few changestb thel binary

mixture of amines and reported that a mixture of DEAB and 2A1H was pronaisingg the other

options.
7.3.2 Integrated solvent and process selection and design

Design and selection of a representative set of solvents without attentien@@tcapture processes

is not a proper strategy due to the strong interaction between solventipeoged the procegs [227

22ﬁ|. Therefore, the best goal can be an integration of solvent and prosigss Betablishment of a
direct connection between solvents and process is challenging. The method is based on combining

CAMD with process synthesis methods in the form of an optimizationeframk which is MINLP
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223|ﬂ and is well-known as computer-aided molecular and process design (CAMPD) [229]. Such a

framework has been shownhigure 3.
Figure 3: Integrated solvent and process selection/design problem framework.

It can be seen that the framework presentéddure 3 is more complex than the frameworkFogure

2. Integrated solvent and process selection/design (for single solvent) cambafed as follow [221]:

min C(n,p, 1)

n,u
p=f(n) Solvent predictive model

hi(p,u,n) <0

hZ (p' W, n) =0

s51(n) <0 3)
s,(n) =0

Pmin < p < Pmax
Nmin =n< Nmax

Umin < u < Hmax
where here is a function ofi, p, andu which u is the process variablds, andh, here representing

process model. The main elements of the integrated solvent and process selectiavptiesigation
problem are:

(iv) Design space: Same as Section 7.3.1.

(V) The solution to the problem: Same as Section 7.3.1.

(vi) Predictive property models. Same as Section 7.3.1.

(vii)  Predictive process models: These models are used to relate physical properties to process
performance. This model can be equilibrium-based or rate-based models with diffegent ty
of assumptions and complexi60].

Eden et al] [230] presented a systematic framework for the simultaneous solutionessfproduct

design problems related to separation. By using this method, the properties of &t plesinct that
offer optimum process performance are identified. Lots of studies on the iatedestign of solvent
and process were performed using SAFT family EOS as a predictive model. Mac @!oa\lr]

find out the optimal composition for the mixture of AMP and Ammonia integrated wiilmalpt
operating conditions for the G@bsorption process. They calculated VLE using SAFT-VR and also

utilized a rate-based model as the process predictive model. Pereira et|al. [282] SppIT-VR to

separate C&from the methane-utilizing physical solvent. They considered n-alkane blendsoaga pr
solvent for CQ capture and used a simple flowsheet to maximize the purity and net presentiveyue. T

reported the best sizes of equipment, operating conditions, and the average cHaiof vegsolvent

(n-alkane). The results suggest that n-alkane solvents are promising alternatidesv Bt al.|[23(]

utilized PCP-SAFT and proposed a two-step procedure for the integration of smlggmbcess design.
In the first step, they considered a hypothetical target molecule and reported shetnimues-

molecular-targeting (CoMT) approach attains the direct coupling betweeansawd process
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properties. In the second step, they mapped the hypothetical target moleculerdal thelvent

molecules. This method is applied by the same research group fma@tre processes by [234] and

218|ﬂ which in both studies the selection of physical solvents are integrated with the process.

Salazar et alf [235] proposed a method to select the novel solvents between 50 primasyaach

solvent stripping for Ce@capture from flue gas of fossil-fired power plants. The method is based on

CAMD for solvent selection and integrating with solvent stripping pdesign to achieve better €0

capture and reduce energy consumption. Qadir gt al| [236] presented an optimizetinod that

simultaneously targets an optimal solvent and optimal process conditions for fmestiom carbon
capture processes (by physical solvents). The authors' utilized PPC-SAFT equatida isfised to
determine solvent properties and made a connection between MATLAB (for MINLReprobhd
ASPEN PLUS (for process model).

Burger et al.[|[22P] proposed a novel two-step method to solve CAMPD problener¢hased for

physical CQ capture. In the first stejs to have a set of initial guesses for the MINLP problem, they
derived reduced models for the unit operations of the process. In the case that islmettpassculate

the original objective function from the reduced model, some surrogate obgeativy defined which
represent different contributions to the original objective. The Paretmadptet of best compromises
between these objectives is determined using multi-objective optionizep (MOO). In the second
step, the original MINLP problem is solved. The Pareto-optimal solutions are theérasiseitial
guesses for the solution of the full MINLP. In order to predict the requiredgathysioperties, they

used SAFTy Mie. Papadokonstantakis et gl. [237] combined CAMD, GC method, superstructure based

process synthesis, and multicriteria sustainability assessment to screen a big nuoitmmical

solvents and process configurations for post-combustionc@giure. Zhou et al. [2B88] demonstrated

that the majority of the earlier studies utilized decomposition solgirategies to solve the CAMD
problems. They proposed a hybrid stochastic-deterministic algorithm to solve dheatet design
problem of absorption/desorption. They also used their method to show its effectivenessratld st
on a gas absorption process. In the absorption process solvent, molecularestrantd process
operating conditions are optimized simultaneously to maximize the overall econofoitnaeice of

the process. The authors utilized high-level GC predictive models to predretiiesd properties.

Recently, Papadopoulos et @l. [239] added an assessment of controllability tegregék solvent and

process design. Therefore, their proposed framework contains three main stages: solvent-process
screening stage (contains CAMD and analysis of obtained solvent set), solvent-pesiggscdntains
rigorous models and operating targets), and solvent-process control (integratesrtialuitityt and

economic performance).
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8 Progpective

In this review paper, we illustrated the importance and role of different soineatsturing CQ. There
are many attempts to find methods to screen and select the best solvents. By alldhke atudies

still, there are some demands that must be addressed in future studies.
8.1 Evaluation of technical and economic performance of solvents

So far, no detailed and systematic and comparison studies were presented on the technicedraid ec
performance of different solvents and the studies are devoted to one i@nﬂn addition, the

economic criteria should be considered more in studies to reduce the capaeeaitbn cost of carbon
capture processes for all type of solvents.

8.2 Lifecycleassessment of different solvents

There are eleven studies focused on LCA of €CS|[241]. Most of these stud@ziaezlfon the method

of separation and compared these methods using LCA. A few LCA studies have been done to compare

the solventq [242, 243]. Thereby there is a gafhéliterature that requires further research to be

conducted in comparing solvents using LCA.
8.3 Solvent selection using experiments

Future efforts should be directed towards performing more experimental comparison between solvents
especially using the ndyvdesigned solvents. By this method, the Iyedesigned solvents can be
validated in the aspect of energy consumption, degradation and corrosion prabhkedtion, in order

to predict the physical property of new solvents, more experimental data are required.
8.4 Solvent selection using process and thermodynamic models

Majority of process and thermodynamic modelling and simulation studigsedm@med using well-
known solvents in literature. More studies are required by using more diedveats such as new
amines, new ILs, and comparison of physical and chemical solvents. This will help tufitite

applicability and effectiveness of new solvents.
8.5 Solvent selection using predictive models

Development of more applicable, accurate, and effective predictive models which arg¢ddteggta
the CAMD and CAMPD problems can be helpful in the initial screening ofdlverss. In additia,
the predictive and molecular-based methods such as quantum chemistry, molecular dynamic, Monte
Carlo, SAFT, and UNIFAC showed high potential to perform microscopic charatieniof CQ

capture using solvents [1“)1, 244].

8.6 Solvent selection and design using CAMD

More studies on integrated solvent and process design are reggittexse activities are still in the

infant stage. As ILs attracted a lot of attention in recent years and showdbldesharacteristics they
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should be used in CAMPD problems by considering the different type of unit operatioss quacdked
columns, rotating packet bed columns, wetted wall columns and etc. After screenidgsagrd of
proper ILs candidates, they should be the synthesis in laboratory scales and teseimitireethabove
unit operations. In addition, the mixed solvents could be considered a serious atiorasingle

solvent systems and more studies are necessary for them, especially in the aspect of CAMD problems.
9 Conclusions

Available solvents for C@absorption are reviewed and classified. The paper classified available
solvents as chemical, physical, and chemical-physical solvents. The mixture of sob@nvialwed

in this paper based on three groups which are a mixture of chemical solvemtsjre of physical
solvents, and a mixture of chemical and physical solvents. The recent progress and resesaches
group are reviewed and mentioned in the study. In addition to the review of available sditfenest
methods for solvent selection and design are reviewed. Four groups of methods are cataghiized i
study which is solvent selection and design using experiments, using process andueguiiddels,

using prediction models, and using optimization problems. For each method, a number of selected

studies and recent progress are reviewed.
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