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Abstract

Carbon capture technologies are expected to play a significant role in the energy transition,
as a powerful tool for the decarbonisation of the already existing power stations and the
hard-to-abate industrial sectors, and as part of biogas upgrading systems and blue hydrogen
production processes. Nowadays, amine scrubbing stands among the most solid
technologies in the carbon sequestration field, though being renowned for the high energy

requirements, the toxicity, the corrosiveness and the fast degradation they undergo.

Ionic liquids (ILs) are emerging as a viable alternative to the aqueous amine solutions for
post-combustion carbon capture processes. In this regard, recent studies show that choline
proline ([Cho][Pro]) has a very good potential, thanks to its ring structure and to the
presence of amine functionalities in the amino acid moiety — which promote the physical
and the chemical CO, absorption, respectively. On the downside, the high viscosity values
constitute a serious drawback in practical applications, which can be overcome through the

use of solutions of [Cho][Pro] in solvents such as DMSO.

The present work aims at providing insights into the thermophysical properties and
performance of [Cho][Pro]. Firstly, the IL was synthesised according to an innovative
procedure which replaces the expensive and corrosive choline hydroxide with choline
chloride as a mean of cation source. Next, density and viscosity were measured for
solutions of [Cho][Pro] in DMSO at varying concentrations (12.5%wt, 25%wt and 50%wt)
in a temperature interval ranging from 25°C to 70°C. The data obtained were correlated
with empirical equations to allow subsequent calculations. The absorption process of the

same solutions was later investigated through a gravimetric method in a ~5ml vol reactor.

At last, the 50%wt solution was employed in a set of tests performed on a bench-scale test
plant. The cyclability of the solution was assessed by calculating the capacity loading and
the regeneration efficiency for three consecutive absorption/desorption cycles carried out
for 90 minutes at 30°C and 80°C, respectively. Then the effect of temperature (from 30°C
to 60°C for the absorption step and from 70°C to 110°C for the desorption one) was
investigated and discussed. The results were compared to the ones obtained in a former
study carried out on the same test bench with a 12.5%wt [Cho][Pro] in DMSO solution —

showing the very poor performances of the current solution with respect to the latter.
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1. Introduction

Earth is the only planet in the solar system with an atmosphere able to harbour life by
absorbing ultraviolet (UV) radiation, reducing excessive variations in temperature between
day and night and retaining the heat coming from the Sun [1]. The mechanism which
stands behind the latters is known as the greenhouse effect and is due to the presence of the
infrared (IR) active gases — or greenhouse gases (GHG) — in the Earth’s atmosphere,

principally water vapour (H,0), carbon dioxide (CO,), and ozone (03) [2].

CO, and the other GHGs are therefore essential to life on Earth. The problem derives from
the significant increases in concentration of some of them (CO,, CH4, N,O and CFC) over

the industrial period — as it can be seen in Table 1.1.

The main contribution to anthropogenic GHG emissions is attributed to carbon dioxide,
which has been proved to be strongly connected to the global surface temperature rise [3].
The Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC)
shows that the warming of the climate system is undeniable and, since the middle of the

19th century, unprecedented phenomena were observed over millennia.

To this regard, some of the evidence they brought is that the global average land and ocean
temperature rose of 0.85°C between 1880 and 2012, with the ocean warming dominating
the increase in energy stored; global water cycle over oceans has significantly changed, as
proved by the differences in ocean surface salinity; the oceanic uptake of CO, led to its
acidification, resulting in a 26% increase; Greenland and Antarctic ice caps have been
losing mass at a large rate from the beginning of the millennium and glaciers have kept
decreasing in extent; global sea level rose by 0.19 m, with a rate of increase larger than the

mean rate during the previous two millennia [3].

Table 1.1. GHG concentration values from the pre-industrial era to nowadays. Sources [4]-[7].

pre-industrial era 1994 2021
CO, 280 [ppm] 359 [ppm] 415 [ppm]
CH, 700 [ppb] 1721 [ppb] 1886 [ppb]
N,O 275 [ppb] 312 [ppb] 334 [ppb]
CFC - 265 [ppt] 226 [ppt]




Once established the correlation between the GHG concentrations in the atmosphere and
the rise in temperature on Earth’s surface, the Fifth Report of the IPCC, presents the so-

called Representative Concentration Pathways (RPCs).

RPCs are projections of land use and GHG and air pollutant emissions over the 21st
century that result from the combination of multiple factors, like population size, economic
activity, energy use, lifestyle, land use patterns, technology and climate policies. Four
different pathways are outlined: RCP2.6, RCP4.5, RCP6.0, and RCPS8.5, where in the
RCP2.6 scenario the temperature rise with respect to pre-industrial levels is kept below

2°C, while in the RCP8.5 projection large amounts GHG emissions are involved.

According to this analysis, the business-as-usual scenario would result in pathways
between RCP6.0 and RCP8.5, causing further warming and long-lasting changes with

irreversible impacts on people and ecosystems.

It is of utmost importance, therefore, to undertake stringent measures able to curb the
human activities that contribute to climate change, by mobilising international political
response and by developing reliable and efficient technologies capable of curtailing the

emissions.

In order to choose the direction to be followed, it is necessary to analyse which sectors are
the main contributors to the global emissions and to find solutions for their abatement.
Figure 1.1 shows the global GHG emissions for the year 2016 broken down by
consumption sectors and represented in percentage terms calculated on a total of
49.4 billion tons of equivalent CO,. It can be seen that 73.2% of CO, emissions come
from the energy sector, where the main responsible are the emissions deriving from the

energy usages of industry (24.2%), transport (16.2%) and buildings (17.5%).

The energy transition from a high to a low carbon economy demands thus the
decarbonisation of the power, transport, and industrial systems, according to the
characteristics and the energy-mix of the country under analysis. Until the TRLs will be
high enough to guarantee an efficient and secure power supply from RES and the installed
fleet of thermal power plants will be dismissed, carbon capture and storage (CCS)

technologies will have an important role in the achievement of the net-zero emissions.
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Figure 1.1. Global CO, emission by consumption sector in 2016. Total GHG emissions: 49.4
billion tons of CO,. Source [8].

1.1. The role of carbon capture in the energy transition

As already mentioned, carbon capture utilization and storage (CCUS) technologies are
expected to play a significant role in the energy transition, since they serve as a powerful
tool for the decarbonisation of the already existing large stationary plants and the ones
under construction. Moreover, if combined with bioenergy (BECCS) or direct air capture

(DAC), they could even lead to negative emissions [9].

The analysis conducted by REN21 in their annual Global Status Report [10] points out the
contribution of RES and non-RES to the global final energy consumptions — intended as

the total energy consumed by end-users (i.e., residential, commercial, industrial and



transportation sectors) cut off the energy required by the energy sector for deliveries and

transformation processes.

As it is shown in Figure 1.2, three major sectors can be identified: thermal, transport and
power. It can be clearly seen that the penetration of RES is very low, with the highest share
observed in the power sector — not even arriving at 30%, though. Possible routes to
achieve the decarbonisation of these sectors are described in the following, enlightening

the role of CCUS.

1.1.1. Power sector decarbonisation

In 2018, the power sector accounted for 17% of the global final energy consumption, from
which only 21.7% derived from RES [10]. Considering the contribution of the nuclear
sector around a value of ~4% [11], the remaining 70% involved biofuels, biomass- and

fossil fuel-based power plants, which can be all coupled with CCS.

In the first two cases — that fall in the wider category of bioenergy — bio-crops are

transformed via physico-chemical, thermal or biochemical processes into biofuels; these

Thermal Transport 32%

10.2% | 5.7% 3.4% |0.8% 27.1%
Renewable Non-renewable Renewable Non-renewable Renewable
energy electricity energy electricity energy

7.0% 3.1%

Modern bioenergy Biofuels

‘ 2.1%
Renewable electricity

Figure 1.2. Contribution of RES and non-RES to total final energy consumption (by final energy
use) by sector in 2018. Source [10].

1.1%
Solar thermal and 0.3% Renewable
geothermal heat Renewable electricity electricity



are subsequently employed to generate electricity or as feedstock for industry, emitting the
CO, captured during their growth and resulting in net-emissions in the optimal case. CCS
technologies find their application in the biofuels conversion processes and combustion
steps, possibly resulting in negative balances in the CO, emitted in the overall process.

[12].

It has to be underlined, however, that in the case of BECCS — i.e., bioenergy coupled with
CCS - two criticalities need to be faced: the energy-intensive bio-crop supply chain and
the poor efficiencies of the plants. Studies [13] show that BECCs can present either
positive or negative carbon emissions and energy balances according to the type of

biomass utilised.

For what regards thermal power plants, the technologies available for decarbonisation are

post-combustion CC, pre-combustion CC and oxyfuel combustion CC.

Post-combustion CC is usually coupled with traditional fossil fuel-based power stations for
electricity production. In these configuration, the fuel undergoes complete combustion in
air and the heat released during the process is utilised to produce high-pressure steam that
feeds a turbine to produce electricity. The flue gases are then filtered to remove particulate
matter and treated — usually by amine scrubbing — to sequestrate the CO, present in the
stream (around 10% to 16% [14]). The advantage of post-combustion CC technologies is
that they can be added to additional units without significant changes in the existing power

plant.

Pre-combustion CC is combined with the integrated gasification combined cycle (IGCC).
It presents an increased complexity, where the fuel is first gasified in an atmosphere of
pure oxygen and steam in order to produce syngas. Then, the syngas — a stream of carbon
monoxide (CO) and hydrogen (H,) — is purified and sent to the water-gas-shift (WGS)
reactor; here, thanks to the addition of steam, the CO and H,0O are converted to CO, and
H,. Lastly, the outlet stream is sent to the CC unit, which separates the CO, stream from
the H, one, allowing the sequestration of the first and the combustion of the second in a
gas turbine for electricity and heat production. The advantage of pre-combustion CC is that

the CO, partial pressures at the CC stage are higher, resulting in favoured absorption



efficiencies. On the downside, it should be noted that this configuration cannot be

employed for the retrofitting of existing plants.

The third configuration — the oxyfuel combustion — is a promising technology, but with
still too low TRLs to be employed on an industrial scale. In this configuration, the fuel is
burnt in a pure oxygen atmosphere. The heat produced during the combustion is again used
to produce high-pressure steam that feeds a turbine to produce electricity — with no
significant modifications in the eventually already existing plant. The outlet flue gases —
after undergoing desulphurisation and water vapour condensation — are composed of pure
CO,, which can be stored underground or utilised in subsequent applications. In
comparison to the previous two configurations, therefore, no CC is actually taking place
here, but the relevant separation process is the N, /0O, at the furnace inlet. Furthermore, a
replacement of the already existing boiler may also need to be considered in the case of

retrofitting an existing plant.

Economic analyses [15]-[17] of the three configurations described above show that the
pre-combustion CC is the least expensive option, though it presents the highest investment
costs. Currently, the majority of the installed capacity sees the post-combustion CC

configuration, since it allows the retrofitting of existing units.

1.1.2. Transport sector decarbonisation

In 2018, 32% of the global final energy consumptions were required from the transport
sector, with the RES covering only 3.4% of the demand (see Figure 1.2.). Since the
contribution to the total GHG emissions of this sector are around 20% (see Figure 1.1.)

and transportation is dominated by fossils, the opportunities for decarbonisation are huge.

The three main options available — low-carbon electricity, low-carbon hydrogen, and
biofuels — match with the three types of low-carbon mobility — electric mobility, hydrogen
fuel cell mobility, and internal combustion engine mobility, respectively. In the following,

the latter three are discussed.

Electric mobility — i.e., electric cars, buses, and rails — has nowadays a low share in the

total fleet, however future projections see its steady increase. The achievement of net-zero



emissions in this sector requires low-carbon sources for the production of the power

supplied, among which electricity from RES or large fossil plants coupled with CCS units.

Hydrogen fuel cell mobility technologies are commercially available for spacecraft and
forklifts only, while passenger cars and buses are still in refinement [18]. Furthermore, the
main barriers to market penetration of this low-carbon mobility type are the lack of
infrastructure and the high costs. Low-carbon hydrogen can be produced from fossil fuel
steam reforming coupled with CCS — known as blue hydrogen — or electrolysis with

renewable energy — defined green hydrogen.

Internal combustion mobility nowadays holds the largest share in the mobility fleet.
However, in order to decarbonise these vehicles it is necessary to substitute the current
fossil fuels with biofuels (i.e., bioethanol and biodiesel) — by themselves or blended with
gasoline and diesel. CCS technologies can be deployed in the biofuels production

processes, as previously discussed.

1.1.3. Industry sector decarbonisation

The hardest sector to be decarbonised is the industrial one, which includes many processes
as steel, cement and fertilizers production, refining, and chemicals synthesis . The latters
rely on thermal energy that is currently supplied by the combustion of fossils and only a

very small percentage have been electrified until now.

The possibilities for decarbonisation of industries see four paths: the further electrification
of the heat sources involved in the processes, blue or green hydrogen employment as fuels,

biomass utilisation, and fossil fuels utilisation coupled with CCS technologies

For what concerns the first option, it has to be recalled that the most carbon-intensive
industries — i.e., chemicals, iron and steel, cement — are the hardest ones to be electrified.
Indeed, these sectors see ~45% of emissions coming from the feedstocks, ~35% of
emissions from the fossil fuels combustion for high-temperature heat production, and
~20% from the combustion for low- and medium-temperature heat production. As a
result, electrification can act just in the reduction of the CO, from combustion processes.

Moreover, the electrification of these processes would require a re-design of the



technologies involved, not to mention the significant increased prices of electricity that it

would lead to.

The deployment of blue or green hydrogen may represent a very good alternative, since
hydrogen can be both used as a feedstock and to supply heat to the industrial processes to
be decarbonised. Furthermore, green hydrogen can be also considered as a tool for
electrification, since renewable electricity is required for its production. Currently,

however, the TRLs are still too low to allow the utilisation of hydrogen-fuelled processes.

Biomass can be utilised both as a heat source from its combustion or as a feedstock.
Possible applications of biomass are in the steel, cement, glass and ceramics industries,
however there are many barriers — among which the higher costs and the more complex

processes in comparison with fossils-based ones — that hinder its penetration.

The last — and the most viable, at present — option sees the coupling of CCs technologies
with fossil fuels-based industrial processes. CCS is in fact the only option nowadays to
decarbonise the cement and the steel industries, until other energy- and cost-effective

options will be developed.

A schematic of the considerations made until now about the possible routes to achieve net-
zero, or at least to cut the CO, emissions from the power, transport and industry sectors is

shown in Figure 1.3.
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2. State-of-the-Art of ILs for post-combustion carbon capture

Nowadays there is a strong urge to develop and efficiently design industrial processes able
to curtail the carbon dioxide emissions from industrial flue gases. The possibilities are
many — physical and chemical absorption, adsorption, membrane-based separation,
electrochemical and cryogenic processes [19]; up to now, however, the technology which
1s most mature and allows the retrofitting of the existing fossil power plants is chemical
absorption [20]. This leads to the need for enhanced and sustainable liquid absorbents for
CO, capture.

The industrial applications are at present based on amine scrubbing, typically involving
solutions of 30%wt monoethanolamine (MEA) in water. CO, removal by absorption and
stripping with aqueous amine is a well-known technology, having the basic process been
patented in 1930 [21]. The main advantages of MEA solutions are the low costs — thanks to
the high technology readiness level (TRL) achieved — and the fast kinetics and high mass
transfer rates of the absorption, which result in large enthalpies involved in the reaction
[22], [23]. The latters, on the other side, are the reason for the significant drop in energy
efficiency of the power plants which include carbon capture from flue gases via aqueous
amines solvents, since large amounts of heat are required to operate the regeneration step
(AH ranges from —80 kJ/mol to —64 kJ/mol in case of bicarbonate formation in the
absorption reaction and —101 kJ/mol in case of carbamate formation [24]). In this regard,
it is estimated that the retrofitting of an operating power plant with amine scrubbing-based
technologies lowers the energy output of the plant by 25 — 40% [25]. This could result in

increased prices of the electricity in absence of policies, besides.

Additional concerns must be taken into account when analysing MEA-based technologies,
such as the corrosion of alloy steel components by the amines; the loss of active absorbents
due to the thermal and oxidative degradation of MEA — with additional waste streams and
operational costs linked to the necessity of additional fresh solvent; increased
environmental impact due to evaporation losses into the gas stream — being amines and

ammonia very volatile liquids [24], [26], [27].
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As a consequence of the several drawbacks of the aqueous amine-based processes,
research endeavours to develop alternative liquid absorbents, sustainable from the
operational point of view, with limited synthesis costs and impacts, and with high

absorption capacities — overcoming the 0.5 mol;;, /mol  mine limit [28].

Within this framework, ionic liquids (ILs) are a new class of material that is considered to
be very promising thanks to their remarkable and unique properties. By definition, ILs are
salts which present melting points below 100°C [29], [30] . This difference in behaviour in
comparison to the conventional inorganic molten salts is due to the lower lattice energies,

which allows them to be liquid at room temperature [31].

Although discovered in 1914 with the studies of Paul Walden regarding the physical
properties of ethylammonium nitrate ([EtNH3][NO3]), ILs did not prompt any significant
interest until the late 1990s [32], [33]. The reason for that renewed attention was connected
to an article published by Freemantle in 1998, which brought to light the potential of ILs as
novel solvents for green chemistry [34]. From then onwards the advantages related to the
distinctive features of ILs — i.e., the negligible volatility, the high thermal stability, the
tunability of their physico-chemical character, the nonflammability, the extremely low
saturated vapor pressure, the wide electrochemical window, and the high CO, solubility —
spread their use in many fields of application [35]. ILs, in fact, show huge potential in
analytical chemistry [36], [37], biochemistry [29], catalysis [38], [39], electrochemistry
[40], [41], separation technology [42]-[44], and fluid engineering [45]-[47]. It needs to be
underlined, moreover, that there are 108 possible combinations of anions and cations
which would be possible in theory; a proper study on what influences their performances
appears to be crucial in the design of practical applications, therefore [34]. In line with the
purposes of this study, the attention will be focused on the characterization and discussion

of the ILs employed in carbon sequestration technologies.

The high solubility of CO, in an imidazolium-based ILs ([bmim][BF4]) was first detected
by Blanchard at al. in 1999 [48], [49]. Subsequently, numerous studies explored the

possible applications of ILs in CO, absorption processes.
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Three generations of ILs can be distinguished. The first one coincides with the so-called
room temperature (RTILs) or conventional ILs and is based on imidazolium cations. It is
mainly centred on the physico-chemical properties of the IL itself and allows the physical

absorption of CO, only.

The second-generation of ILs initiates the tunability of the properties of the IL by adding
functional groups to the cation or the anion and is commonly referred to as task-specific
(TSILs) or functionalised ILs. Both physical and chemical absorption take place in this

case, resulting in much higher CO, capacity loadings.

The third generation consists of new compounds which contain hydrophobic anions from
natural resources, like amino acids and organic acids; their main advantage is that they
combine high absorption capacities — thanks to the functional groups they include in the
structure — with ease of synthesis, low cost, low toxicity, and biodegradability. [24], [35],

[51].

2.1.  Conventional ILs (RTILs)

Conventional ILs or RTILs are made of cations and anions which do not present any
functionality, thus CO, absorption is merely based on a physical mechanism. The number
of possible combinations which gives origin to RTILs is huge, some of the possible cations
and anions are displayed in Figure 2.1. As already mentioned, however, for this first

generation of ILs the imidazolium-cation class is the most widely studied one.

The early studies on carbon capture with ILs are centred on the phase behaviour of RTILs
with CO, in comparison to conventional organic solvents [48]. As it can be observed in the
schematics reported in Figure 2.3., the remarkable difference of IL systems is the presence
of a two-phase region (the liquid IL-CO, phase and the pure CO, phase) in the low-
medium operating pressures and a single-phase (the liquid IL-CO, mixture phase) in the
high operating pressures. This means that if for molecular organic solvents the CO,
molecules are completely miscible at high pressures, in the case of IL applications the
increase in pressure results in a slight or no increase in the solubility on the CO, rich side

of the phase diagram.
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Figure 2.3. Schematic of the phase diagrams of (a) RTIL-CO, systems and (b) molecular organic
solvent-CO, systems. Source [24].

An additional difference of ILs with respect to organic solvents concerning gas dissolution
is that they do not show relevant volume expansion with increasing fractions of CO,
dissolved [52]. Both of the considerations made up until now can be traced back to the

internal structure which characterises ILs.

A packed structure results from the strong Coulombic interactions among anions and
cations ILs are composed of, which is much more rigid if compared to the internal
structure of organic solvents. The combination of the well-defined disposition of the ions
and the electrostatic interactions among them leads to the small volume expansions when

high mole fractions of CO, are dissolved.

Molecular dynamics studies about the absorption mechanism of [bmim][PF4] — CO,
systems showed that the size of the cavities (i.e., the ‘free volumes’) available at the start is
not sufficiently big; therefore, even though the differences are not significant in terms of
radial distribution functions, the ionic network is slightly perturbed and the position of the

anions changes by a small angular displacement in order to allow the arrangement of the
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CO, molecules. Subsequently, the CO, molecules arrange themselves above and below the

imidazolium rings [53].

These research findings suggest that, thanks to these internal arrangements, ‘free volumes’
are available in large quantities — which are occupied by the CO, absorbed molecules. This
on the one side explains the reason behind the lower volumetric expansion upon
dissolution and on the other one clarifies why the amount of CO, dissolved cannot be
increased even by infinitely high pressures — since the amount of free volume initially

available is finite

In addition to what was discussed until now, the utilisation of ILs as solvents for post-
combustion carbon sequestration requires the proper evaluation of their performance in
term of CO, capacity loading and selectivity. In the following, the factors which affect
these properties are discussed, together with the concerns in practical applications

involving RTILs.

2.1.1. CO, solubility

The dissolution of CO, in RTILs was studied by Palomar et al. [54], who provided an
analysis of the intermolecular interactions among the species in the fluid phase — i.e.,
electrostatic interactions, hydrogen bonding and van der Waals interactions. Furthermore,
they discussed the contribution of each of them to the total CO, solubility, proving that the
CO, dissolution mechanism is dominated by van der Waals forces, while the electrostatic

interactions are secondary and the hydrogen bonding are quite insignificant.

The studies available in the literature show that the carbon dioxide solubility in ILs is
mainly affected by the characteristics of the anion — which is acknowledged to be the
dominant factor both by molecular simulation studies [55] and experimental observations

[56].

In situ attenuated total reflection infrared spectroscopy (ATR-IR) studies performed by
Kazarian et al. [56] pointed out the favourable interaction between the anions and the CO,
regardless of the structure of the cation. Furthermore, the study suggests that the

interaction is of a Lewis acid-base type, with the anion serving as Lewis base (electron-pair
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Figure 2.4. (a) Effect of the anion and (b) effect of the anion fluorination on carbon dioxide
solubility in RTILs. (b) Source [34].

donor) and the carbon dioxide as Lewis acid (proton donor). In addition, it proved that the
stronger the anion acts as a base, the stronger is the interaction with the CO,. The effect

which different anions have in terms of CO, solubility is shown in

Figure 2.4 (a). Based on the observations made above, it can be seen how the imidazolium-
based ILs with [BF,] and [NO3] anions present the best performances among the cases

examined.
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Further observations demonstrated that ILs containing fluorine atoms present higher
solubilities than those without it. The effect of fluorination was studied on ILs containing
[bmim] cation and the results obtained are shown in Figure 2.3 (b), confirming that the

higher the number of fluor groups, the higher is the CO, solubility.

In this connection, additional studies on the effect of fluorination showed that the CO,
solubility can be furtherly enhanced by adding fluoroalkyl chains in the anion structure,
which has the double effect of both improving the interactions between the CO, and the
ILs and of increasing the amount of available ‘free volume’ in the internal structure [57],

[58].

The CO,-philicity of fluorinated alkyl chains can again be described with the Lewis theory
of acid-base interactions. In the case of the anion with no fluorine atoms within the alkyl
chain, the carbon dioxide molecules are a weak Lewis base, with the oxygen atom
interacting with the C — H bond. In case electronegative fluorine atoms are included in the
alkyl chain of the anion, on the contrary, the CO, molecules acts as a Lewis acid, with the
carbon atom interacting with the C — F bond. Since in the first case the Lewis base is weak,
while in the second one the Lewis acid is strong, the intermolecular interactions between
the anion and the CO, have different nature and result in the different solubilities

performances observed.

Even though the nature of the anion has a predominant influence on the CO, dissolution
mechanism than that of the cation, this last cannot be neglected. Its smaller effect on the
CO, dissolution is displayed in Figure 2.5, from which the [choline] cation shows the best

performances among the ones examined.

In this regard, studies showed that higher solubilities can be achieved when longer alkyl
chains are present on the imidazolium ring, which is also associated with more negative

sorption enthalpy and entropy values [59], [60].

The reason behind the considerations made above can be traced back to the ‘free volume’
mechanism, since longer alkyl chains result in larger ‘free volumes’ and more space

available for the arrangement of the carbon dioxide molecules, consequently.
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With regard to the intrinsic characteristics of the cation which enhance the CO, solubility,
it is also necessary to point out the effect of the proton present on the imidazolium ring in
the C2 position. It was in fact proved to be acidic, which involves the possibility of

dissolving CO, via hydrogen bonds [61], [62].

The effect of this acidic site was studied by means of molecular simulations, which showed
that substituting the hydrogen in the C2 position with a methyl group moderately decreased
the CO, solubility at high pressures — that is, above 70 bars [55]. The reason behind this
behaviour is that the methyl groups changes the disposition of the anions, which would be
bounded at the C2 sites via hydrogen bonding; at low operating pressures, the carbon
dioxide molecules are mainly associated with the anions and are quite distant from the
cations. When high operating pressures — and thus large amounts of CO, — are involved,
some molecules occupy the secondary locations near the cations, enhancing the dissolution

in this manner.

The fluorination of the alkyl chains on the cations has been studied as well [63], [64]; the
effects observed, though, were not as significant as in the case of anion fluorination since,

as said above, the CO, molecules mainly interact with the anions.
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Figure 2.5. Effect of the cation on carbon dioxide solubility in RTILs. Source [34].
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2.1.2. CO, selectivity

Since the ultimate aim of carbon capture technologies is to separate the carbon dioxide
from the mixture of multiple gases present in the stream to be treated, the selectivity

performance of the solvent employed in the process is fundamental.

In general, the solubility of nitrogen, oxygen, hydrogen, carbon monoxide, and

hydrocarbons in RTILs is significantly low [65]-[67].

Table 2.1 reports the Henry’s constant values for some gases which may be present in
practical applications of post-combustion processes. It is recalled that the lower the

Henry’s constant value, the higher is the solubility of the gas in the liquid.

The most relevant selectivities in the field of post-combustion CO, capture processes are
the CO,/N,, the CO,/0,, CO,/CO and the CO,/SO, ones. Hydrogen and syngas
purification and pre-combustion carbon capture applications are also interested in the
CO,/H,, the CO,/CH, and the CO,/H,S ones, respectively; however, this will not be

discussed in detail in the following, since it lies outside the scope of this study.

Broadly speaking, the N,, the CO and the O, solubilities are much lower in comparison to
the CO, one — with Henry’s constant values differing of orders of magnitudes (see Table

2.1). Therefore the CO,/N,, the CO,/0,, CO,/CO selectivities are proved to be very good.

Table 2.1. Henry’s constant for different gases at p = 1 bar and T = 25°C in [bmim]-based ILs .
Source[24].

[bmim][PF] [bmim][BF,]

Co, 53.4 557

CO >20 000 1728

0, 8000 1580

N, >20 000 1703

H, >1500 2037

CH, 1690 887
C,H, 173 ;
C,H, 355 300
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The main issue which affects CO, selectivity in post-combustion carbon capture processes
is attributed to the sulphur-containing compounds, which show higher solubilities in RTILs
and are twice or three times more soluble than CO, one in some cases [66]. Nonetheless, it
must be taken into account that the partial pressure of the CO, in the flue gases stream is
much higher in comparison to the SOy one, which reduces this drawback significantly. In
any case, it is necessary to separate the sulphur compounds from the flue gases before the
carbon capture takes place in a flue gas desulphurisation (FGD) unit. An alternative option
consists in removing the CO, and the SO, from the stream at the same time by absorbing
them in the RTILs and separating them after their release at the end of the regeneration

step [68], [69].

Water solubility is an additional aspect that needs to be discussed; all ILs are hygroscopic,
therefore they collect the water vapour contained in the flue gases, drastically lowering the
CO,, capacity of the IL [70]. Just to give an example, Blanchard et al. [52] showed that the
capacity decreases from a 0.54 molar fraction in dried [bmim][PF4] to a 0.13 molar

fraction in water-saturated samples.

Furthermore, the energy requirements that occur at the regeneration step increase
significantly, since water needs to be evaporated in the stripper. It is of utmost importance,
thus, to condensate the vapour phase present in the flue gases before they enter the

absorption column for the carbon capture step.

2.1.3. Critical issues affecting RTILs in practical applications

The most relevant concern which affects the utilisation of RTILs in post-combustion
carbon capture processes is linked to the very low capacity achievable when the CO,
partial pressure is lower than the ambient pressure one. Indeed, even though the absorption
capacity performances are very good at CO, pressures above 10 bar, these operating
conditions are hard to be reached in normal applications, where the flue gases are usually
at ambient pressure and the CO, fraction is around values of ~10% <+ 15% — thus

significantly decreasing its partial pressure [71], [72].
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The poor absorption capacity exhibited by RTILs can be attributed to the physical
mechanism which occurs. As it has been proved by molecular dynamic simulations, in fact,
only a very small number of CO, molecules can be arranged within the internal structure of
anions and cations. In this regard, Zhang et al. [73] showed that 192 molecules of IL are

necessary to physically absorb 10 molecules of CO, when [bmim][PF¢] is employed.

Despite the much higher absorption performances which could be obtained, increasing the
operating pressures far beyond the ambient one is inconceivable, since the decrease in

energy efficiency and the increase in capital cost of the plant would occur simultaneously.

To overcome these problems, one way consists in developing ILs with a better internal
structure in order to allow the arrangement of a higher number of molecules; this, however,

would lead to limited performances in any case.

A more effective option is to develop TSILs with functional groups able to chemically
absorb the CO, from the flue gases to be treated. An overview in this regard is given in the

following section.

2.2. Functionalised or Task-Specific ILs

The limited absorption capacity values which distinguish conventional ILs have led to the
necessity of including functional groups in their internal structure to increase the number

of molecules sequestrated by the absorbent.

The selection of the functional groups which can be employed is driven by the
thermodynamics and the kinetics of the absorption process. The energy profile for the
absorption and desorption reactions occurring at the functional group site is shown in
Figure 2.6. Clearly, the difference in enthalpy between the absorption and the desorption
phases must be limited. Furthermore, the ideal condition requires the low exothermicity of
the absorption phase, so that the energy requirements during the subsequent regeneration
are limited. Either way, TSILs show much lower sorption enthalpy values in comparison to
conventional aqueous amine solutions — which can release up to 100 kJ/mol when the

reaction between the CO, and the functional group takes place [74].
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Figure 2.6. Energy profile for the absorption and desorption reactions in TSILs. Source [24].

Before discussing the possible functionalities that can be included in the IL structure, the
ambivalent nature of the CO, molecule needs to be recalled. CO, can, in fact, act as a
Lewis acid, due to the presence of the electron-deficient carbon atom; or as a Lewis base,
due to the electron-rich oxygen. This enhances the total solubility and renders both amine

and carboxylate functionalities possible.

2.2.1. Amine functionalised ILs

The first studies which combined the advantages of conventional ILs with the well-
performant amines were initiated by the group of Davis in 2002 with the synthesis of an
imidazolium-based cation with an amine functionality bonded through an alkyl chain [75],

[76].

The reaction observed is shown in Figure 2.7. The functionalised IL reacted in a 2:1
stoichiometry, with two IL molecules necessary for the absorption of a CO, molecule; this
led to the theoretical maximum uptake for amine-based absorbents of 0.5 molce,/
molgmine- The carbamate formation was detected as well, according to the conventional

reaction scheme and confirmed by FT-IR spectra analysis.
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carbamate salt. Source [34].

The reversibility of the reaction is an additional important finding observed by the authors,

with the CO, releasing taking place at temperatures of 80°C — 100°C.

The significant drawback that was detected, though, is the higher viscosity of the
synthesised TSIL in comparison to the conventional ones, resulting in hindered absorption
mechanisms and higher energy demands from the fluid circulation system of the plant.
However, no increase in viscosity was detected with the increase in the amount of CO,

absorbed.

Sanchez et al. [77] investigated the difference in absorption performances resulting from
the functionalisation of the [bmim] cation with primary or tertiary amines. Different
anions — tetrafluoroborate [BF,] and dicyanamide [DCA]) — were employed for the
experiments performed. The study demonstrated that the CO, solubility of the tertiary
amine-functionalised system is much lower in comparison to the primary amine one, due to
the higher reactivity of the latter towards CO, [78]. Moreover, it was proven that the
absorption performance of the primary amine-functionalised IL at ambient pressure is 13
times better in comparison to the same non-functionalised IL in case of [BF,] anion. The
possibility of regenerating the solution at 80°C without any decrease in absorption capacity
was confirmed. The drawbacks linked to the high viscosities were still noted, with further

increases occurring after the CO, absorption.

In order to figure out the reasons behind the high viscosities in cation-amine-functionalised
ILs, Yu et al. [79] performed molecular dynamic simulations. Their study showed that the

increase in viscosity is due to the internal arrangement of the anions around the —NH,
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functional groups and the subsequent formation of a strong hydrogen bonding network.
The simulations, however, did not show any relevant change in the arrangement of the

anions around the imidazolium cation.

Gutowski et al. [80] investigated the mechanism responsible for the relevant viscosity
increase upon contact with CO,. Through an accurate analysis of the simulations run, they
found out that a strong hydrogen-bonded network is formed between the zwitterions, the

intermediate molecules formed during the absorption mechanism.

Besides the cation functionalisation discussed until now, the anion functionalisation is also

possible, leading to even better performances.

Gurkan et al. [81] studied the effects induced by cation and anion functionalisation in
terms of absorption performances. They showed that in the first case the carbamate
formation was prevailing, resulting in a 1:2 reaction stoichiometry, while in the second
case the CO, uptake was higher than one mole of CO, per two moles of IL, getting closer
to the 1: 1 stoichiometry. Furthermore, it was observed that the CO, capacity loading curve
presented two different parts: a steep increase occurring at the beginning of the experiment
due to the chemical absorption, followed by an almost flat curve with slight capacity

increases due to the predominance of the physical absorption.

As before, also in the case of anion functionalisation there is a significant increase in the
enthalpy of reaction and viscosity values due to the presence of the amine functional

groups.

2.2.2. Carboxylate functionalised ILs

IL functionalisation was also experimented through carboxylate functional groups. In
particular, almost all the applications see the acetate anions [CH3;COO]~ paired with

imidazolium cations.

Chinn et al. [82] studied the [bmim][acetate] IL in a 14%wt water solution; the
experimental evidence they found confirmed that chemical absorption was occurring, since

the CO, absorption profile presented the typical initial steep increase followed by a plateau
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Figure 2.8. Reaction of CO, at the C2 site of the imidazolium in an in situ-generated carbene.
Source [24].

when the physical absorption started to be predominant. They explained the complexation
process with a mechanism where the acetate groups interact with water and the CO,

molecules bind as bicarbonate.

Maginn et al. [83] also studied the [bmim][acetate]interaction with CO,, hypothesising a
different reaction mechanism in which the acetate anion extracts a proton from the C2-site
of the imidazolium ring and the forms of acetic acid; in this mechanism, the CO, is
captured in the form of bicarbonate through the reaction with carbene. The reaction is

shown in Figure 2.8.

2.3.  Amino acid ionic liquids (AAILSs)

Since they emerged in the research field, ILs have been generally referred to as ‘green
solvents’, though neither the fluorine-based anions nor the imidazolium cations discussed
until now and extensively employed in practical applications show good biodegradability,

but are on the contrary proved to be toxic [84].

In this view, many efforts are being made to develop truly biocompatible ILs, while
maintaining optimal absorption performances and good regeneration efficiencies of the

materials, together with guaranteeing recyclability.
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In 2004, Abbott et al. [85] synthesised the first fully biocompatible IL by coupling choline
chloride with succinic and oxalic acids, naturally-occurring organic substances. Thereafter,
the imidazolium cation started to be replaced with the biodegradable and less expensive
cholinium cation [86]. In concomitance, the idea of replacing the fluorinated anions with
organic acids arose — with particular focus on amino acids (AA) [87], [88]. These choline-
based AAILs were — and still are — believed to be able to accomplish a green chemistry
cycle, starting from the synthesis process and ending with their use in carbon capture

Processes.

Cholinium-amino acid ionic liquids ([Cho][AA] ILs) consist of a quaternary ammonium
choline cation and a deprotonated amino acid anion. The general structure is shown in
Figure 2.9. Before discussing in detail the inherent nature of cation and anion, the overall

structural features are pointed out.

The analysis of the electrostatic potential in the cation shows that the positive charge is
located on the N — (CH3)5 fragment and on the terminal hydroxyl hydrogen —OH. Due to
its large extension, the first fragment is not densely charged and thus is polarizable, while
the hydroxyl group is highly polar. In the anion, instead, the charge results to be denser on
the carboxylate group —COO™ site and the remaining part of the chain has a little polar
character. Moreover, it has been noticed that the —COO™ functional group can act as a
hydrogen bond acceptor, while the —OH group on the choline can be both hydrogen bond

acceptor and donor [89].

H3C
H C\ //
/ —

H,C _\_ ,
H,N O

Figure 2.9. The general structure of choline-amino acids. Source [89].
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The multiple interactions enumerated above have been confirmed by theoretical and
experimental studies, which showed that ion coupling, strengthened by the hydrogen
bonding network between the carboxylate groups in the anion and the hydroxyl groups in

the cation, play a major role in the interactions discussed [89].

Furthermore, these possible interaction patterns explain both the large solvating power of
[Cho][AA] ILs and the extreme viscosity which distinguishes them and makes the use of

solvents unavoidable.

2.3.1. Nature and characteristics of the choline cation

Choline belongs to the class of quaternary ammonium salts and is one of the most

important biodegradable, inexpensive and water-soluble organic salt [89].

AA ILs with ammonium cations, besides having low toxicities, show very good CO,
capture performances thanks to the fast reactivity towards CO, [90], [91]. Choline — or
N,N,N-trimethylethanolammonium — consists of an ethanolamine with three methyl

substituents attached to the amino function, thus is an optimal candidate in this sense.

Thanks to their reduced cost and greener properties, cholinium-based ILs are gaining more
and more attention as solvents in the field of organic synthesis [92]. Just to cite some
studies in this field, Pernak et al [93] synthesised sixty-three choline derivative-based IL in
the form of chlorides, acesulfamates, and imides and determined their physical properties;
Garcia-Sudrez et al. [94] studied the chemical stability of choline-based ILs intending to
use them as catalysts to conduct liquid-phase synthesis; Gadilohar et al. [95] provided a
detailed analysis of choline-based ILs and their applications in organic transformation; De
Santis et al. [96] described the correlation between experimental properties (density,
viscosity, conductivity, refractivity) and AA; Gontrani [89] reviewed the achievements
made in the structure and properties; Le Donne et al. [97] presented a state-of-the-art of the
choline-based AA ILs, reporting synthesis process, physico-chemical properties, toxicity
and biodegradability, interaction with complex biological molecules, different applications

in which they can be involved, structure and computational studies.
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There is also recent work about cholinium-base AA ILs in the carbon capture field [98]-
[102]; however, being the system mostly ruled by the aminate anion, a more detailed
review of the mechanisms involved and the work done until done is reported in the

following section.

2.3.2. Nature and characteristics of the amino acid anion

AAs have a low environmental impact, high biodegradability, negligible volatility and high
resistance to oxidative degradation. Their biocompatibility is a direct consequence of their
metabolic nature, being them the building unit of proteins and essential components of

many nutrients [97].

In terms of internal structure, the common feature of all AA is that they are composed of at
least one amino (—NH,) and one carboxylic acid (—COOH) group. Both inter- and
intramolecular interactions between the basic and acidic sites determine the physical and

chemical properties of these compounds [103].
The most common AA anions employed in ILs are shown in Figure 2.2.

A relevant characteristic of AAs is their amphoteric character — that is, they can act as
either acids or bases depending on the environment they are in. AAs, in fact, exist as inner
salts (zwitterions), with the positive charge located on the amino group and the negative

charge located on the carboxylic acid group.

The internal structure of AAs is a result of the pH of the medium in which they find
themselves. At low pH (<1), they exist as protonated cations, at high pH (>12) they are in
the amino carboxylate anion form; in the middle, the inner salt — with both the positive
and negative charges dislocated on the functional groups — is present along with varying
amounts of protonated cations and amino carboxylate anions. The mechanism described is

resumed in equation (2.1).

H* _HY : 21
HsN*CH,COOH < Hy;N*CH,C00~ <« H,NCH,COO 2.1

28



In ILs, AAs are already found in the deprotonated form; however, depending on the cation
they are paired with, they can be more or less basic. Studies [104] proved that enhancing
the basicity of the AA anion leads to better CO, absorption performances by facilitating the

carbamic acid-formation reaction and thus the 1: 1 reaction mechanism.

Within this framework, it is important to revise the possible CO, absorption mechanisms. It
is agreed on the fact that the greater part of reactions involved are due to the interaction of
the CO, molecules with the amine groups, however different mechanisms have been

proposed.

According to Kumar et al. [105], the reaction of CO, with the AA is different from the
zwitterion mechanism, which typically occurs for alkanolamines. The reaction suggested is
reported in equation (2.2) and it presents a direct 1: 2 mechanism, with the formation of

carbamate and protonated amine.

2RNH, + CO, & RNHCOO~ + RNH{ (2.2)
Vaidya et al. [106], on the contrary, reported the zwitterion mechanism, with the two-step
reaction based on the 1:2 mechanism shown in equations (2.3) and (2.4). B in equation

(2.4) stands for any base and in a non-aqueous medium is the AA itself.

-00C —R - NH, + CO, & ~00C —R — N*H,C00~ (2.3)

“00C—-R—-N*H,CO00~ +B
- ~“00C —R — NHCOO~ + ~00C — R — NH? 24)
Gurkan et al. [107] claimed that the reaction of CO, with the AA ends with the formation
of carbamic acid, without the intermediate formation of the zwitterion. The reactions

suggested are reported in equations (2.5) and (2.6).

-00C — R — NH, + CO, & ~00C — R — NHCOOH (2.5)

“00C —R—-NHCOOH +B

(2.6)
- ~00C — R — NHCOO™ + ~00C — R — NH{
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Anyway, it has to be said that most of the literature supports the formation of zwitterion
intermediate as the most likely route, rather than the one-step carbamate formation or the

carbamic acid formation in the intermediate step [108], [109].

Whether the reaction is characterised by a 1:2 stoichiometry (0.5 mol¢o,/mol;) or a
1: 1 stoichiometry (1 mol¢,/mol,;) depends on the extent to which the second step of the
reaction takes place (equation (2.4)) — with the formation of carbamates. With the aim of
enhancing the CO, absorption capacity, research is now focusing on the deep
understanding of the factors which favour the carbamic acid formation instead of the

carbamate one.

Shaikh et al. [110], [111] showed the existence of activation barriers associated with the
proton transfer between the NH, of the zwitterionic pre-complex and the carbonyl oxygen

which leads to the formation of the final carbamate.

Yang et al. [104] showed that little differences in the local structure of the amine group in
AA ILs lead to different absorption mechanisms, providing the opportunity for achieving
higher absorption capacities by structure design. Indeed, they demonstrated that the CO,
absorption mechanism by AA ILs exceeds the CO,/amine stoichiometry, since a rigid ring
structure around the amine functionality creates a unique electrostatic environment that
hinders the carbamate formation by inhibiting the deprotonation of the carbamic acid. In

this way the 1: 1 reaction mechanism is favoured.

Additional relevant evidence they found is that also the carboxylate group —COO™ is
implied in the CO, absorption. They observed, in fact, that about 10 — 25% of the CO,
was not absorbed as carbamic acid through the 1: 1 mechanism, nor as carbamate through
the 1: 2 mechanism. Given the number of moles involved, the discrepancy could not be
ascribed to the physical absorption mechanism only and it proved that some amount of CO,

was captured by the carboxylic group thanks to its strong basicity.

In comparison to the amine-functionalised ILs described in chapter 222.2.1, therefore,
AAILs present the double advantage of allowing multiple amine sites — as in the case of
arginate and lysinate, for example (see Figure 2.2) — and including carboxylate functional

group, furtherly enhancing the CO, uptake.
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The biggest issue of [Cho][AA] ILs is their extremely high viscosity, which limits their
applicability because of the limited diffusion in the liquid absorbent. Some attempts have
been made to reduce this drawback by reducing the strength of the hydrogen bonding

network [112], however the option of using co-solvents seems more viable.

The addition of water turned out to have beneficial effects. Zhang et al. [113] studied the
effect of the addition of water on the CO, absorption behaviour and found out that small
amounts of it increase the mass transfer due to the decrease in the viscosity of the system.
Moreover, Li et al. [114] showed that the addition of water on the one side reduces the
viscosity and hydrogen bonding — thus enhancing the diffusion mechanisms and rendering

the reaction sites more available; on the other one, it catalyses the CO, absorption reaction.

Li et al. [74] studied the absorption/desorption in a solution of [Cho][Pro] in polyethylene
glycol (PEG 200) mixture and showed that the addition of PEG200 significantly

accelerated the absorption and desorption processes.

Davarpanah et al. [115] introduced the use of solutions of 12.5%wt [Cho][AA] ILs in
dimethyl sulfoxide (DMSO), chosen as a solvent because of high boiling point, low
toxicity, low vapour pressure, and relatively low price. Despite the good results in terms of
cost, environmental impact, energy consumption, and regenerability, however, the

absorption capacities obtained were not satisfactory, with values of 0.3 mol¢o,/mol;;.

2.4. Absorption studies performed with [Cho][Pro] solutions

Although [Cho][Pro] is a promising candidate as post-combustion carbon capture solvent,
the studies which assess its absorption capacity and regeneration efficiency are not

numerous.

Li et al. [102] studied the solubility of CO, in 30%wt aqueous solutions of five [Cho][AA]
ILs ([Cho][Ser], [Cho][Gly], [Cho][Pro], [Cho][Asp], [Cho][Lys]) at temperatures from
303.15K to 333.15K and pressures up to 7 bar. Moreover, they derived the
thermodynamics parameters (Henry’s law constants, reaction equilibrium constants,
enthalpy of physical dissolution and chemical reaction) required for the reaction

equilibrium thermodynamic model (RETM) and investigated the recyclability of the
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solution. They calculated the solubilities in molality terms (i.e., molco,/kGsowution),

obtaining a minimum value of 0.5628 mol/kg at 0.1570 bar and 333.15K and a
maximum value of 1.1540 mol/kg at 6.7918 bar and 303.15 K. The results they
obtained are shown in Figure 2.10. They also investigated the regeneration of the solution
with [Cho][Lys], stating that it maintained a quite steady CO, absorption capacity. They
operated the regeneration of the aqueous [Cho][Lys] solution in a three-neck flask with a

magnetic stirrer in oil bath at 353K and atmospheric pressure for 1 hour.

Yuan et al. [98] investigated aqueous solutions of three [Cho][AA] ILs ([Cho][Gly],
[Cho][Ala] and [Cho][Pro]). They assessed the CO, absorption loadings, in terms of

molarity (i.e., mol¢o,/mol;;) and molality (i.e., molco,/kgsor), at varying concentrations

of the solutions (5%wt, 10%wt, 20%wt, 30%wt) and at a temperature of 308.2 K. The
results obtained are shown in Figure 2.11. Furthermore, the CO, absorption mechanism in
the aqueous solution of [Cho][Gly] was studied by Nuclear Magnetic Resonance (NMR),
showing that the formation of carbamate takes place at low absorption loadings and is then
followed by the hydrolysis of carbamate and CO, hydration reactions at high absorption
loadings. Lastly, they regenerated the aqueous [Cho][Gly] solution at 383 K and
atmospheric pressure and derived the regeneration efficiencies, observing a decrease with

increasing concentration and regeneration cycles.

Latini et al. [116] studied the absorption and desorption reaction mechanisms in
[Cho][Gly] and [Cho][Pro] in DMSO solutions; via ATR-IR spectroscopy they showed the
different absorption pathways occurring for the two AA anions. They also performed CO,
absorption experiments through a gravimetric method using a ~4.5 ml reactor. Different
IL concentrations were tested (16%wt, 20%wt, 33.3%wt, 50%wt) and the absorption
capacities (%kgco,/kGsotution) and molar efficiencies (molco,/mol;,) were calculated.
Subsequently, they investigated the effect of temperature on the absorption process in a
16%wt [Cho][Pro]-DMSO solution at 25°C, 30°C and 40°C The synthetic gas sent to the
reactor was composed of 20% CO, and 80% N,. As saturation was reached, the solution
was completely regenerated with a N, stream at 80°C. The result obtained are reported in

Table 2.2.
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Figure 2.10. CO, solubilities in aqueous 30%wt [Cho][Pro] solutions for varying temperatures as
functions of pressures. Results obtained by Li et al. [102].
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Figure 2.11. CO, solubilities in aqueous [Cho][Pro] solutions at 308 K for varying concentrations
as functions of pressure. Results obtained by Yuan et al. [98].

Table 2.2. CO, absorption performances of [Cho][Pro] in DMSO (a) for varying concentrations at
ambient temperature and ambient pressure (b) for varying temperatures (25°C,30°C,40°C) at
16%wt concentration and ambient pressure. Results obtained by Latini et al. [116].

(a)
AC [% kgCOZ/kgsolution] ME [mOZCOZ/mOZIL]

16%wt [Cho][Pro] in DMSO  2.39 0.75
20%wt [Cho][Pro] in DMSO  2.95 0.73
33.3%wt [Cho][Pro] in DMSO  4.63 0.69
50%wt [Cho][Pro] in DMSO  7.03 0.7
(b) AC [% k.gCOZ /kgsolution] ME [mOICOZ /mOZIL]

25 [°C] 2.39 0.74
30 [°C] 2.27 0.71
40 [°C] 2.14 0.66
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2.5.  Aim of the thesis

This study is part of the common effort to develop reliable, cost- and energy-efficient post-
combustion CC solvents able to replace the toxic MEA solutions currently employed in the

installed capacities.

In continuation with the work previously done on the test-bench employed for the
absorption/desorption experiments, a 50%wt [Cho][Pro] in DMSO solution will be
employed. The cyclability and the effect of temperature on the absorption process will be
assessed and a comparison with the performances formerly shown by the 12.5%wt solution
will be carried out, intending to identify the concentration of the solution that leads to the

best results in terms of capacity loading and regeneration efficiency.

Furthermore, being the thermophysical properties of [Cho][Pro] and the solutions at
varying concentration not available in the literature, their experimental assessment will be

performed and empirical formula will be derived to allow their future calculations.
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3. Experimental assessment of the thermophysical properties of

Choline Proline and its CO, absorption quantification

In order to understand the behaviour of materials and to engineer the processes in which
they are involved, it is of utmost importance to define their basic thermophysical
properties. By way of example, the equipment sizing requires the knowledge of the density
values, the setting of the feasible temperature operating ranges needs the phase change
temperatures and the thermal decomposition one, while the study of the flow
characteristics and the gas diffusion properties relies on the proper estimation of the

kinematic and dynamic viscosities.

The following chapter reports the experimentally assessed values of density, viscosity and
CO, absorption of pure [Cho][Pro] and of solutions of the latter in DMSO at varying
concentrations (12.5%wt, 25%wt and 50%wt).

The method for the synthesis of the IL is reported below and it follows the one described in
[116]; this constitutes an innovation in comparison with the previous procedures since it
replaces the expensive and corrosive choline hydroxide with choline chloride as a mean of

cation source.
3.1. Synthesis of [Cho][Pro]

The procedure described below considers the quantities of reactants and reagents required

for the synthesis of 0.5 moles of [Cho][Pro].

1- In a 500 ml flask, 56.2 g of potassium hydroxide pellets (supplied by Carlo Erba, purity
>85%) are dissolved in 300 m! of methanol (supplied by Merck, purity >99.8%) with the
auxilium of a stirrer; 57.57 g of L-proline (supplied by Merck, purity > 99%) are then
added to the solution. It can be noticed that the suspension turns white and there is the
formation of some precipitate, hence the potassium salt of the proline is formed and its
excess separates from the solution. With the stirrer still powered on, the flask is covered

with an aluminium foil and left there for 2 hours.
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Figure 3.1. Synthesized [Cho][Pro]

2- After 2 hours under continuous stirring, the potassium hydroxide pellets are completely
dissolved and the choline chloride (69.81 g, supplied by Alfa Aesar, purity =98%) can be
added. It is important to perform the operation very fast, in order not to contaminate the
whole initial mixture with the moisture present in the surrounding environment, which

would lead to the formation of water.

3- The mixture is left under stirring for 4 hours, with the aim of ensuring the complete
dissolution of the potassium salt of proline, the formation and precipitation of the

potassium chloride and the formation of choline proline in the solution.

4- The mixture is poured into 8 flacons of 50 ml each; centrifugation is carried out for

15 minutes in order to separate the potassium chloride crystals.

5- The solution of choline proline, methanol and eventual water produced during the
procedure is poured into a round bottom flask and introduced into the rotary evaporator;
the device allows to remove the 2 solvents by evaporation and to obtain the pure desired

ionic liquid.

6- The obtained [Cho][Pro] is outgassed overnight under dynamic vacuum at a temperature

of 30°C, in order to remove any trace of methanol and water which might be still present.
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Table 3.1.Reactants and solvent required for the synthesis of 0.5 mol of [Cho][Pro].

supplier molecular weight quantity

potassium hydroxide Carlo Erba 56.1056 [g/mol] 56.2 [g]

reactants L-proline Merck 115.13 [g/mol] 57.57 [g]
choline chloride Alfa Aesar 138.62 [g/mol] 69.81 [g]

solvent methanol Merck 32.04 [g/mol] 300 [ml]

3.2. Density

The density of a liquid is formally defined as

m

p=1 (3.1)

where p is the density, m is the mass and V is the volume. The experimental measurement

of the density of a substance requires thus the knowledge of its mass and volume.
3.2.1. Methods

The density values of the pure [Cho][Pro] and the other solutions at varying concentrations
of the latter in DMSO were determined by means of a Gay-Lussac pycnometer — a glass

flask with a capillary stopper to be put into the opening.
The procedure consists of 2 main steps.

1- Estimation of the volume of the pycnometer using the well-known values of the water

density:

e the mass m, of the dry and empty pycnometer is precisely weighted;

e the instrument is filled with distilled water and its mass m, is weighted;

o the mass of the distilled water m,, is calculated as the difference between the mass
of the filled instrument m, and the empty one m,;

e the temperature of the water T,, at which the measurement is performed is

established;
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the value of density p,, at the temperature T, is defined from tables available in the
literature;
the volume of the pycnometer V is derived, calculated as the ratio of the mass m,,

over the density p,,.

2- Estimation of the density of the pure [Cho][Pro] and the other solutions at varying

concentrations of the latter in DMSO and definition of experimental formulas of the

densities in the function of temperature:

the pycnometer is accurately filled with pure [Cho][Pro] and put in the oven at the
desired temperature T

once the set temperature is reached, the instrument is taken out and eventual
excesses of the IL due to thermal expansion are removed,

the mass m is measured. The measurements are repeated three times and an average
value is considered; the mass of the IL m[cpo)pro) can be calculated, since the mass
of the pycnometer is defined in the first step;

the density pichoj(pro) at the temperature T can be calculated as the ratio of the
mass Mcpo][pro] OVer the volume V;

the mass of the IL is measured for at least 3 different values of temperature, making
sure that the instrument is always well-filled and there are no excesses on the
stopper;

the [Cho][Pro] density in function of temperature can be plot and the experimental
formula can be derived; the procedure is repeated for the other solutions of

[Cho][Pro] in DMSO at varying concentrations — 12.5%wt, 25%wt, 50%wt.

e Figure 3.2. Pycnometer used for the measurements of density.
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3.2.2. Results and discussion

The data obtained from the measurements performed are reported in Figure 3.3. The data
points well match a straight line, thus a linear dependence of density with temperature is
assumed and the empirical equation (3.2) is obtained. The values of the two fitting

coefficients A; and A,, the correlation coefficients R? and the standard deviations SDs are

reported in Table 3.2.
p(T)=A;-T+A, (3.2)
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Figure 3.3. Density p as a function of temperature.

Table 3.2. Fitting parameters A; and A,, SDs and R? of the obtained empirical equations of
density as functions of temperature for the solutions at varying concentrations considered.

solution A A, SD R?

100%wt [Cho][Pro] -0.0003 1.2364 0.006 0.95323
12.5%wt [Cho][Pro] in DMSO 00005 12915 0034  0.98874
25%wt [Cho][Pro] in DMSO 20,0005 12727 0.008  0.98704
50%wt [Cho][Pro] in DMSO -0.0006 1.2978 0.012 0.98954
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As expected, a general decreasing trend can be observed with increasing temperatures,
with the correlation coefficient assuming values over 0.98 for the three solutions at varying

concentrations.

Furthermore, the data show an increase of density for increasing concentrations, due to the
much higher molecular weight of [Cho][Pro] in comparison to DMSO — respectively
219.3008 g/mol and 78.13 g/mol.

3.3.  Viscosity

The viscosity of a fluid is a measure of its resistance to deformation under shear stress and

it is commonly intended as its resistance to flow [117].

Dynamic and kinematic viscosities can be distinguished. The first one — also referred to as
absolute viscosity — is a measure of the resistance to movement of one layer of fluid over
another and it coincides with the tangential force per unit area necessary to move one
horizontal plane with respect to another one at a unit velocity. The kinematic viscosity is a
measure of the internal resistance of a fluid to flow under gravitational forces; it is

obtained from the ratio of the dynamic viscosity over the density of the fluid.
3.3.1. Methods

In this work, the kinematic viscosities of the pure [Cho][Pro] and the other solutions have
been measured through a Cannon-Fenske viscometer according to the method indicated in
the ASTM D445 and D446 standards and described below. The dynamic viscosity has
been obtained by dividing the kinematic viscosities for the proper values of density

calculated through the empirical formula found in the previous section.
The procedure is reported in the following:

1- the bath is filled with distilled water and the desired temperature is set;
2- the proper viscometer is chosen among the available ones, cleaned with ethanol and

dried in a stream of filtered N,;
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Figure 3.4. Experimental setup and viscometer used for the measurements.

the IL is introduced into the viscometer by inverting the instrument, immerging side 4
of the tube (see Figure 3.4) into a flask containing the liquid and applying suction to
the side 7 of the tube until the IL rises to the line E; the viscometer is turned to its
normal position and the tube A4 is cleaned; an aluminium foil is applied on tube 4 and
tube 7 in order for the IL not to absorb the CO, present in the surrounding environment
and change its properties;

the viscometer is inserted into a holder and immersed in the bath at constant
temperature;

when an adequate amount of time has passed (approximately 15 minutes) and the
sample reached the set temperature, suction is applied to tube 4 and the IL is brought in
the section B above the line C;

suction is released and the efflux time required by the IL to flow from line C to line £
is measured with a chronometer. Three measurements of the efflux time are taken for
each temperature — ranging from 30°C to 70°C — and an average value is considered;
the kinematic viscosity is obtained by multiplying the average efflux time by the

viscosimeter constant — appropriately calculated for the considered temperature; the
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dynamic viscosity is determined by multiplying the kinematic viscosity for the
dynamic one.

8- the viscometer is taken out of the holder, inverted and the side 4 of the tube is put into
a flask; pressure is applied to tube / and the IL is released into a flask; the viscometer is
cleaned with a proper solvent (methanol, ethanol, acetone) and dried with N,;

9- the procedure is repeated for the remaining solutions at different concentrations.

It needs to be remarked that it is important to consider the viscometer of the correct size —
being the instrument optimized for the operations around the centre of its range; the use of
too much or too little quantity of sample gives in fact inaccurate values, thus it must be

avoided as far as possible.

3.3.2. Results and discussion

The data obtained from the measurements performed are reported in Figure 3.5. The data
points show an exponential trend and well match the empirical formula (3.3). The values of
the two fitting coefficients A; and A4, the standard deviations SDs and the correlation

coefficients R? are reported in Table 3.3.

u(T) = As - e?e” (3.3)

As predictable, the curves show decreasing viscosity values for increasing temperatures;

the correlation coefficient is above 0.99 for all the solutions.

It is interesting to observe the remarkable differences in viscosity among the pure
[Cho][Pro] and the other solutions — which results to be of three orders of magnitude when
considering the 12.5%wt solution. This supports the unavoidable necessity of diluting it in
a solvent when IL are implied in carbon capture processes and mass transfer phenomena

have to be optimized.
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Figure 3.5. Dynamic viscosity u as a function of temperature.

Table 3.3. Fitting parameters A; and A,, SDs and R? of the obtained empirical equations of
viscosity as functions of temperature for the solutions at varying concentrations considered.

solution As Ay sD R?

0
100%wt [Cho][Pro] 2.00E+08 -0.062  1.99E-01  0.998154

. .
12.5%wt [Cho][Pro] in DMSO 07155  -0.018  5.15E-05  0.99882

) .
25%wt [Cho][Pro] in DMSO 3.966  -0.022 420E-04  0.998441

) .
50%wt [Cho][Pro] in DMSO 3253 -0.032  230E-03  0.999009
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3.4. CO; absorption quantification

Once established the need for using [Cho][Pro] in solutions with a solvent able to properly
offset the problems caused by the high viscosity values without limiting the absorption

performances, the optimal concentration needs to be evaluated.

Two parameters can serve to this end: the absorption capacity 4AC and the molar efficiency
a. The first one is expressed in percentage terms as the mass of the absorbed carbon
dioxide over the mass of the employed solution, while the second one considers the moles
of CO, per mole of IL present in the solution at the end of the absorption process. In the
following, the experiment performed to quantify the CO, absorbed by means of a

gravimetric test is described and the results obtained are reported and discussed.
3.4.1. Methods

The quantity of CO, absorbed by the samples of pure [Cho][Pro] and by the solutions of
the latter in DMSO at varying concentrations — 12.5%wt, 25%wt, 50%wt — has been tested

by means of a gravimetric method.

The procedure followed is described below:

1- Mgmpey — the mass of the vial (volume ~5 ml) with the magnetic bar inserted and the
cap screwed — is acquired;

2- the volume of the reactor V. is measured using a volumetric pipette filled with water;

3- 2 ml of [Cho][Pro] — V,; — are poured into the reactor through a volumetric pipette;

4- the sample is purged with a 20 ml/min nitrogen flow for 10 minutes with the stirrer
powered on at 200 rpm; the mass my, is afterwards acquired. The mass of the solution
mg,; Which will be considered in the AC calculations can be determined according to
the formula (3.4), where dy, and dg; are the densities of N, and air at 25°C

respectively.

Mg = [mlﬁlz — (V= Vso) - sz] - [mgmpty -V dair] (3.4)
The mass of the IL contained in the solution — from which the moles can be derived for
the a calculation — is determined by multiplying for the corresponding percentage of

concentration;
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5- the IL is bubbled with a 20 ml/min CO, flow under continuous stirring and the mass
mgo, is acquired every 15 minutes until there is no increase anymore;

6- the quantity of the CO, absorbed — m,y, — is calculated as the mass difference of the
measurements acquired after the N, purging and the CO, bubbling, considering the
headspace of the vial, according to the formula (3.5), where d(, is the density value of

carbon dioxide at 25°C;

Mco, = [mzo2 — (V= Vso) - dcoz] - [mzrv2 — V= Vso) - sz] (3.5

7- by means of the molecular weights, the moles of absorbed CO, and [Cho][Pro] in the
solution can be derived. The absorption capacity and the molar efficiency are calculated
according to the formulas (3.6) and (3.7), where n.o, are the moles of CO, absorbed and

n,; are the moles of [Cho][Pro] in the solution;

AC =—22.100 (3.6)
Mol
Nco,
o =% 3.7
- (3.7)

8- the procedure is repeated for the 12.5%wt, 25%wt and 50%wt solutions.

Figure 3.6. 5ml reactor employed for the gravimetric quantification of the CO, absorbed by the
different solutions.
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3.4.2. Results and discussion

The evolution in time of the carbon dioxide absorbed in terms of moles of CO, per moles
of [Cho][Pro] present in the solution is reported in Figure 3.7. It is very apparent at first
glance that the pure [Cho][Pro] cannot be used for practical application if not diluted in a
proper solvent. The too high viscosity values, in fact, drastically reduce the molar
efficiency and the absorption capacity due to the hindered diffusion of the CO, in the IL

and the slow reaction kinetics that comes with it.

It is also interesting to observe that the evolution curves of the three solutions of
[Cho][Pro] in DMSO present a peak, particularly visible for the 12.5%wt and the 25%wt
ones. A reason for this may be that in a first phase the CO, is physically trapped in the
solvent and then it is released until equilibrium is reached — that is after approximately
30 minutes. This phenomenon is less and less visible as the concentration of the solution
— and thus the viscosity — increases. In the case of the pure [Cho][Pro] the CO, keeps being

slowly absorbed even after 120 minutes.

Figure 3.8 and Table 3.4 compare the performances of the four solutions in terms of
absolute mass of CO, absorbed, absorption capacity and molar efficiency. It shall be
underlined the different behaviour of the absorption capacity and the molar efficiency with
the increase in concentration. If on the one side the CO, absorbed and the absorption
capacity show an increasing trend with concentration, on the other one the absorption
reactions are less and less efficient — as it is shown by the decrease in molar efficiency.

This is again ascribable to the problems raised by the increase in viscosity.

When designing practical applications, it is thus necessary to find the optimum —
enhancing the process and the reaction kinetics for optimal use of the IL and guaranteeing

an adequate carbon dioxide sequestration from the flow to be purified at the same time.
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Table 3.4. CO, absorption performances of the four solutions of [Cho][Pro] in DMSO at varying
concentrations in terms of mass of CO, absorbed, molar efficiency and absorption capacity.

solution Mo, [9] a [mol COz/mol; ]  AC [%Zco2/9s0l
100% [Cho][Pro] 0.0514 + 0.0002 0.1128 + 0.0003 2.26 + 0.01
12.5%wt [Cho][Pro]  0.0437 + 0.0002 0.772 + 0.003 1.94 4 0.01
25%wt [Cho][Pro] 0.0756 + 0.0002 0.669 + 0.001 3.36 4+ 0.01
50%wt [Cho][Pro] 0.1328 + 0.0002 0.528 + 0.001 5.84 + 0.01
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Figure 3.7. Evolution in time of the moles of CO, absorbed per moles of [Cho][Pro] present in the
four solutions (concentrations: 100%wt, 12.5%wt, 25%wt, 50%wt [Cho][Pro] in DMSO).
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4. Experimental assessment of the performance of a bench-scale
post-combustion carbon capture plant

The experiments were performed by means of a bench-scale test plant supplied and

installed in the CO, Circle Lab (CCL) by Technodelta Srl.

The test bench is a reproduction of a post-combustion carbon capture plant based on
chemical absorption. It has been designed according to the data available in literature
concerning amine solvents technologies and it presents the typical double-column scheme
composed of an absorption unit and a desorption one. In order to simulate different streams
and accurately reproduce specific industrial applications, the plant allows to set the desired
percentages of carbon dioxide, nitrogen, methane, carbon monoxide, and oxygen or
hydrogen of the flow to be processed — for safety reasons the latter two cannot be present
simultaneously. A more detailed description of the test bench, its main components, and

operational conditions are reported in chapter 4.1.

The plant has been previously validated by performing a set of absorption and desorption
experiments with aqueous monoethanolamine (MEA) solutions, used as the benchmark.
Since at the time the results were considered to be consistent with those reported in the
studies found in literature, the reliability of the test bench has been taken for granted a

priori.

The experiments performed for the study are part of the wide research on the development
of green solvents for post-combustion carbon capture, intending to think up sustainable and
non-toxic processes. In particular, it aims at furtherly understanding the characteristics and
behaviour of amino acid based ILs — in this case [Cho][Pro] — as a means of replacing the
above mentioned MEA solutions, which are known for the high energy consumptions,

large evaporation losses, corrosiveness and toxicity [26], [28].

In the following chapter, the experimental assessment of the performance of a 50%wt
solution of [Cho][Pro] in DMSO is presented and discussed — in continuity with the work
formerly done on the same test bench which employed a 12.5%wt solution of the same IL
and solvent. The results obtained in the two sets of experiments are then compared,

showing the criticalities which arose in the interim.
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4.1.

4.1

Description of the plant

.1. Main components and operational ranges

The plant consists of the following main components:

two stainless steel packed columns — where one is the absorption reactor (V = 2 [,
Pmax = 25 bar, Tya = 100°C) and the other is the desorption reactor (V =4[,
Pmax = 4.5 bar, T4 = +150°C) — and a stainless steel solvent tank (V =51,
Pmax = 4.5 bar);,

a gas line — which supplies the inlet gas flow to the absorption and desorption
reactors (pure or as a mixture of the desired percentages of gases, according to the
process to be simulated), carries the outlet gas to the mass spectrometer, and allows
to send the N, flow to the two reactors for the desorption operation and the clean-
up of the tanks;

a fluid recirculation system with a gear pump — which connects the solvent tank,
the absorption tank and the desorption one — and a vacuum pump — in case the
stripper works in depression;

a heating system — which brings the gas and the fluid flows at the desired
temperatures by means of electrical resistors;

a system of valves — which allows to connect the different lines according to the
required configuration (three-way valves), to regulate the mass flows (flow-control
valves), to impose the direction of the flow (non-return valve), and to ensure the
safety of the plant (safety valves);

a system of temperature, pressure and flow meters — which allows the measurement

of the corresponding values.

The different parts are interrelated and the system is controlled by an electric panel, which

is connected to a computer; by means of a software it is then possible to set the operational

values of the process, monitor the correct functioning, and extrapolate the data to analyse

the performance. The scheme plant is reported in Figure 4.1.
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Two working conditions are possible — the continuous and the batch configurations. In the
first one, the carbon capture from the stream to be purified and the regeneration take place
simultaneously. The solution rich in carbon dioxide is sent to the stripper, where it is
regenerated under the combination of high temperatures and low pressures; thereafter the
lean solution is continuously recirculated to the absorption reactor, with no interruption of

the overall process.

In the batch configuration, the absorption column is employed only. The process takes
place in two stages: first, the absorption column is crossed across by the stream rich in
carbon dioxide until the solution reaches saturation, then the temperature is raised and the
solution is regenerated. If on the one side the second setup requires to interrupt the process
in order release the carbon dioxide previously captured, on the other one it allows to study
the two processes separately, in order to identify the critical issues of the processes

themselves, without any superposition of the effects or influences on each other.

4.1.2. Phases of operation

Every experiment conducted using the test bench described above consists of three main

phases: set-up of the plant, test run, and clean-up of the plant.

The first one coincides with the preparation for the test and the correct setting up of the
desired configuration according to the test that needs to be performed. The three-way
valves are turned depending on whether the continuous or the batch operation are needed,
or on the basis of the plant layout required if other working conditions have to be checked
for the experiment (e.g., proper functioning of the inlet and outlet flow meters). Then the
computer is turned on and the software is run; once it is ensured that no problems occur,
the percentages of the composition of the stream to be simulated and the corresponding
flow rates are introduced — verifying that the gas cylinders are able to provide the desired
flow rate for the entire duration of the test. The initial temperatures of the process are

imposed and it is waited until they are reached.
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Figure 4.2. Test bench installed at the CO, Circle Lab (CCL), part of the lab Al at the
Environment Park in Turin.

As soon as all the initial operating conditions are reached, the second phase — the test run —
can start. By means of the software, the test is initiated and the data is acquired according
to the sampling frequency set in the previous step (one second in the tests performed for
this study). Although the plant is equipped with safety systems, the proper functioning
should be monitored for the whole duration of the test. Upon completion, the heating
system is eventually turned off, the test is concluded and the data are saved and furtherly

analysed.

The third phase is the clean-up of the plant. It occurs when the experiment — which may
comprise a single test or a set of tests with the same solution — is completed. In this case it
is necessary to drain the two packed-column and the solvent tank and to clean them with an

appropriate solvent. A nitrogen-based cleaning is then performed — both of the gas lines
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and the circulation system. The mass spectrometer lines need to be nitrogen-cleaned as

well, in order to remove the possible residues and not to compromise the future analyses.

4.2. Methods: set of tests carried out and operational conditions

employed in the experiments performed

The objective of the experiments performed is to evaluate the cyclability and the CO,
loading capacity of a solution of 50%wt [Cho][Pro] in DMSO for varying working
temperatures. The experiments carried out are still part of the preliminary studies on this
test bench on the evaluation of the performance and behaviour of [Cho][Pro] as a potential
candidate to substitute the MEA aqueous solutions in post-combustion carbon capture
plants. Other than comparing the results obtained with the previous ones in a process-
optimisation perspective, one of the goals of the study is thus to understand the ranges of
operation in case the process is run in a real plant and to better point out the criticalities of

the test bench utilised.

In order to study the absorption and the desorption processes separately, the plant is set up
in the batch configuration — hence a single column is employed. The tests are run at
ambient pressure, with a constant flow rate of 71 NI/h for both the absorption and the
desorption operations. Moreover, it was chosen to set the inlet streams as pure CO, flows,
so that the chemical and the physical absorption which take place are attributed to the

carbon capture and release only.

In order to assess the absorption performance and the solvent regeneration efficiency with
the related changes in CO, loading capacities, basically two types of tests have been
performed. The first one consisted of a set of three consecutive absorption, desorption and
cooling stages with an initial absorption temperature of 30°C and an initial desorption
temperature of 80°C. The aim of it was to assess the absorption capacity of the fresh
solution and the regeneration efficiencies after each cycle. The second type of test is aimed
at evaluating the absorption and desorption performances for varying operating

temperatures. To this end, the absorption and the desorption were carried out at
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progressively increasing temperatures. To better clarify the tests performed, the operating

conditions of each test are summed up in Table 4.1.

Table 4.1. Summary of the operating conditions of the test carried out.

Ty Po flow flow rate
[°C] [bara] composition [%] [Nl/h]
1% cycle absorption 30 1 100% CO, 71
desorption 80 1 100% N, 71
cooling Tamb 1 - -
2" cycle  absorption 30 1 100% CO, 71
é desorption 80 1 100% N, 71
B cooling Tamb 1 - -
3 cycle  absorption 30 1 100% CO, 71
desorption 80 1 100% N, 71
cooling Tamb 1 - -
re;‘;fgﬁzn 110 | 100% N, 71
absorption 30 1 100% CO, 71
40 1 100% CO, 71
50 1 100% CO, 71
60 1 100% CO, 71
3 complete 5, I 100% CO, 71
2 absorption
S desorption 70 1 100% N, 71
80 1 100% N, 71
90 1 100% N, 71
100 1 100% N, 71
110 1 100% N, 71
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The analysis of the data acquired from the process by means of the software allows to

derive the following quantities:

e absorbed CO, flow rate

s abs _ . in s out
Mco, = Mco, — Mco, 4.1)

where mgg; [NI/h] is the flow rate of the CO, absorbed, migbz [NI/h] is the flow
rate of the CO, in the inlet stream and m%g [Nl/h] is the CO, flow rate in the outlet

stream;

e (O, removal rate

. abs
Mco,

Y = -100 (4.2)

e,
where 1 [%] is the CO, removal rate, mgg; [Nl/h] and m(i;’(‘)z [NI/h] are the same

as above;

e absorption loading — expressed in terms of molality as

n
m=——2 43)
my, + Mpuyso

where m [mol¢o, /kgsorp] 1s the CO, absorption loading, n¢, [mol] are the moles

of CO, absorbed in the solution, m;; [kg] and mpyso [kg] are the [Cho][Pro] and

DMSO masses respectively; or in terms of molar efficiency

Nco,
a = —= 44
. (4.4)

where a [molco,/mol;;] is the CO, absorption loading, n¢o, [mol] and n;;, [mol]

are the moles of CO, and [Cho][Pro] respectively in the solution;
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e regeneration efficiency

=™ 100
n= - (4.5)

where 7 [%] is the regeneration efficiency, m, is the m, [molco,/kgsorp] and
my [molco,/kgsorp] are the absorption loading at the end of the nth cycle and the

first one with the fresh solution.

4.3. Results and discussion

4.3.1. CO, loading capacity of the fresh 50%wt [Cho][Pro] in DMSO solution

The first set of tests performed on the test bench aimed at evaluating the CO, absorption
capacity of the fresh 50%wt [Cho][Pro] in DMSO solution. To this end, a 71 Nl/h flow

rate of CO, was sent to the absorption reactor for a duration of 90 minutes.

The results obtained are reported in Figure 4.3, pointing out the poor absorption capacity
of the 50%wt concentration solution. It can be seen, in fact, that a stabilises even below
the value of 0.5 mol C0O,/mol;;, which is considered to be the lower acceptable threshold
since it is the usual absorption efficiency of the amine aqueous solutions. Moreover, it has
to be underlined that according to research evidence [Cho][Pro] is expected to be more
inclined to the 2:1 rection mechanism, rather than the 1:1 one. This is indicative of the
inefficient diffusion of the carbon dioxide inside the solution due to the high viscosity of
the latter. The increase in moles of [Cho][Pro] does not imply an increase in absorption

capacity — as one would intuitively expect.

The high volume employed for the experiment (~1 [) may also have an influence on the
results obtained, since it may be one of the reasons for which the CO, molecules were not

able to reach all the amine functionalities present in the solution and to react with them.

Higher operating pressures could countereffect the problems discussed above, as they
would act on the concentration gradient increasing the driving force which controls the

diffusion mechanism and consequently enhancing the chemical absorption reactions.
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Figure 4.3. CO, loading capacity of the 50%wt [Cho][Pro] in DMSO solution in terms of molarity. (Initial
absorption temperature: 303 K; CO, mass flowrate: 71 Nl/h; volume of the solution: 0.916 [; duration of the
test: 90 min).

During the absorption run, the CO, flowrate has been interrupted for approximately
30 min because of dysfunctionality of the test bench — which explains the 6°C
temperature drop of the solution in the absorption reaction that takes place after
25 minutes from the beginning of the experiment. Despite this, the capacity load curve
does not show a change in terms of absorption rate, as the slope remains constant. This
implies that the kinetics of the reaction and the correlated mass transfer phenomena are not

susceptible to such small variations in temperature.

Furthermore, it is to be pointed out that the difference in temperature during the operation
is very little, proving the low exothermicity of the CO, absorption reaction by means of

[Cho][Pro] — especially when compared to the ones via aqueous amine solutions.

It can also be observed that the loading curve changes concavity after approximately
45 minutes of absorption, with very little changes in the loading capacity afterwards. As a
consequence, the CO, removal from the stream to be purified would not be acceptable

from this point on and the solution should be regenerated within these limits.
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4.3.2. Cyclability performance

Practical applications of carbon capture solvents strongly require an efficient solvent
regeneration process — in which the energy requirements, the losses and the degradation of

the materials involved are minimised as much as possible.

The efficiency loss and the cyclability of the 50%wt [Cho][Pro] in DMSO solution was
studied in terms of regeneration efficiency — that is the ratio of the capacity loading at the
nth cycle over the one at the first cycle. Three cycles have been performed, with an
absorption duration of 90 minutes at an initial temperature of the solution of 30°C and a
desorption duration of 90 minutes at an initial temperature of 80°C. Pure CO, and N,
flow rates were utilised for the two operating conditions, in order to remove the effects of

other possible gases involved in the stream in these preliminary studies.

The evolution of the CO, loading in the [Cho][Pro] in DMSO solution is reported in Figure
4.4. The first thing that catches the eye is that if on the one side a does not exceed the
value of 0.5mol¢p,/mol;, for any of the cycles, on the other one it does not even

decrease with increasing cycles — even though the solution is not completely regenerated.

It is also noticeable that the moles of CO, desorbed during the regeneration process is
almost constant and is roughly equal 0.25 mol¢(,/mol;, — which corresponds to half of
the amount absorbed in the first step. It can also be seen that at the end of the regeneration
step the a curve is still downwards sloped, indicating that the desorption is still remarkably

going on.

Based on the considerations made until now, a possible way to enhance the degree of CO,
absorption in the solution could be to extend the duration of the absorption phase, which,
however, is not believed to lead to significant improvements since physical absorption is
expected to occur only. Studies in the literature [98], [102] show that increasing the
operational pressures — by increasing the CO, partial pressure — lead to much better

absorption performances, thus this path could be followed.

As concerns the desorption phase, in order to achieve the complete regeneration of the
solution it may be considered to extend the duration or to increase the N, flowrate at this

stage; this would allow decreasing the CO, partial pressure and enhance the desorption of
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the CO, molecules. Another option could be to increase the desorption temperature, with
the aim of releasing the carbamate species which are stable at high temperatures. Since at
the end of the desorption process the CO, is still being released, this energy-consuming
option does not seem as reasonable as increasing the N, flowrate or the duration of the

desorption step, though.
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Figure 4.4. (a) Evolution of the CO, loading capacity for the 3 cycles performed with the 50%wt
[Cho][Pro] in DMSO solution. (b) Amounts of absorbed and desorbed CO, per mass of solution
employed for each absorption-desorption cycle performed with the 50%wt [Cho][Pro] in DMSO
solution.

(Initial absorption temperature: 303 K; CO, flowrate: 71 N1/h; absorption duration: 90 min; initial
desorption temperature: 353 K; N, flowrate: 71 Nl/h; desorption duration: 90 min; volume of the
solution> 0.916 1).
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Table 4.2. Moles of CO, absorbed and desorbed per cycle with respect to the moles of IL in the
solution and the mass of solution employed for the experiment

15¢ cycle 2" cycle 3 cycle
abs des abs des abs des
a [mol¢g,/mol;] 0.49 0.30 0.28 0.23 0.27 0.27
m [molcg,/kgsoll 1.12 0.67 0.64 0.54 0.61 0.62
100 -
(a)
75 -
.L"
Sy
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0 T T kl
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Figure 4.5. (a) Removal rates for the 3 cycles performed with the 50%wt [Cho][Pro] in DMSO
solution. (b) Regeneration efficiencies for each absorption cycle carried out. with the 50%wt
[Cho][Pro] in DMSO solution.

(Initial absorption temperature: 303 K; CO, mass flowrate: 71 Nl/h; volume of the solution:
0.916 1; duration of the test: 90 min).
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The considerations made so far do not keep into account the constraints on the maximum
percentage of carbon dioxide allowed in the output flow. Figure 4.5 shows the CO,
removal rate for the three absorption cycles — expressed as a percentage of CO, absorbed in
the solution with respect to the one entering it. It should be observed that the curves of the
second and third cycle are shifted downwards by approximately 20% if compared to the
first cycle, leading to removal rates lower than 50% after 5 minutes from the beginning

of the absorption run.

Real applications usually present the continuous configuration, where there is continuous
recirculation and the solution regenerated in the stripper is added to the one rich in carbon
dioxide. Nevertheless, the low removal rates occurring right from the beginning of the test
suggest that practical applications with the 50%wt concentration solution and this
operating conditions in the desorption column would require multiple absorption steps in

order to achieve satisfactory levels of carbon sequestration from the stream to be purified.

Figure 4.5 reports also the regeneration efficiency of the three subsequent cycles. As
already stated above, the quantity of CO, absorbed remains almost constant for the second
and the third absorption cycles, resulting in similar regeneration efficiencies of about

~55%.

4.3.3. Effect of temperature on the absorption process

At the end of the three absorption and desorption cycles discussed above, the solution was
completely regenerated by increasing the temperature until 110°C for a duration of

approximately 120 minutes.

The effect of temperature was afterwards investigated and the results obtained are reported
in Figure 4.6. It can be observed that in the case of [Cho][Pro] in DMSO solutions the
influence of the operating absorption temperature is quite significant in terms of capacity
loading, with higher amounts of carbon dioxide absorbed with decreasing temperatures.
This can be explained by the low exothermicity of the absorption reaction when ILs are
involved as carbon capture solvents — as limited rises in temperature occur over the

duration of a test run.
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In Figure 4.6 (b) the CO, removal rate curves are plotted both for the absorption runs at
increasing absorption temperatures (30°C,40°C,50°C,60°C) and for the further
completion of the absorption at 30°C. As expected, the removal rate decreases with
increasing temperatures for the first part of the operation, and then shows an increase for
the tests in which the solution was not able to reach the saturation because of the higher

temperatures initially involved.
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Figure 4.6. (a) CO, loading capacity curves for varying initial temperatures absorption runs.
(b) CO, removal rates for varying initial temperatures absorption runs followed by the completion
of absorption at 30°C.

(Initial absorption temperature: 303 K; 313 K; 323 K; 333 K. Completion of absorption initial
temperature: 303 K. CO, mass flowrate: 71 NI/h; volume of the solution: 0.9161.)
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4.3.4. Effect of temperature on the desorption process

Besides the absorption performance, it is of great importance to optimise the regeneration
of the solutions involved in carbon capture processes, in order to minimise as much as

possible the temperatures involved and thus the external thermal requirements.

The absorption and the completion of absorption tests described in the previous section
were followed by a desorption phase in which — starting from an initial value of 70°C — the
operating temperature was increased up to 110°C with a step of 10°C. The flowrate sent to

the reactor consisted of a constant 71 NIl/h nitrogen stream.

Figure 4.7 shows the evolution of the percentage of CO, contained within the solution
throughout the set of tests performed; it was calculated on the basis of the total amount of
CO, absorbed at the end of the completion of the absorption phase — where saturation is
supposed to be reached. The absorption capacities obtained for each cycle are reported in

Table 4.3, expressed in molality and in molarity terms.

It can be observed that in all of the four tests the highest percentage of CO, released occurs
during the initial regeneration phase at the temperature of 70°C. In this early stage, the
desorption is mainly due to the decrease in partial pressure of carbon dioxide which takes
place as soon as the nitrogen flow begins. In this phase, therefore, the CO, release is due to
the desorption of the molecules which were previously physically absorbed and to the
decomposition of the carbonic acid species — whose reaction is reversible at room

temperature.

Table 4.3. Absorption capacities obtained for varying initial absorption temperatures.

Initial absorption temperature a m
[°C] [molco,/mol; ] [molco,/kGsotution]
30 0.30 0.68
40 0.26 0.58
50 0.26 0.60
60 0.25 0.60
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Figure 4.7. %C0, absorbed in the 50%wt [Cho][Pro] in DMSO solution for the absorption—
completion absorption—desorption runs at progressively increasing temperatures. Initial absorption
temperature: (a) 303 K; (b) 313 K; (c) 323 K; (d) 333 K. Initial desorption temperature: 343 K.
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When the rate of desorption begins to assume low values, the operating temperature is
increased by 10°C every 30 minutes. This allows the release of the carbamate species —
for which the inversion of the formation reaction requires high-temperature values due to
their high thermal stability. It can be seen how the progressively increased temperatures
leads to a steepening of the curve, which eventually allows the complete regeneration of
the solution. It has to be highlighted, though, that when the desorption temperature is
raised, the curve does not seem to have reached a plateau yet, therefore the solution is still
desorbing carbon dioxide. This suggests that it may be not necessary to reach such high

temperatures, but it would be sufficient to increase the duration of the desorption phase.

The experiments performed confirm that the regeneration of IL solutions show good
performances at much lower temperatures than those required for the aqueous amine case,

for which the desorption starts only when the operating temperature exceeds 100°C.

With the current operating pressures, the absorption and desorption processes could be
optimised by performing the cycles at the operating temperatures of 30°C and 90°C
respectively, which would lead to high regeneration efficiencies on the one side and would
lower the energy requirements during the desorption phase on the other one. Both hot and
cold sinks — or a proper pinch analysis — should be taken into consideration in this case,
due to the necessities to cool the stream to be purified entering the absorption reactor and

to heat the rich CO, solution during the regeneration phase.

4.4. Comparison of the performances of the 12.5%wt [Cho][Pro] in
DMSO and the 50%wt [Cho][Pro] in DMSO solutions

In the following, the carbon capture sequestration performances obtained with the 50%wt
[Cho][Pro] in DMSO solution in the experiments performed for this study are compared to
the ones achieved in a study on the same test bench which utilised a 12.5%wt

concentration solution.

Although the masses of the solutions involved are different in the two cases (~0.5 kg and
~1 kg for the experiments with the 12.5%wt and the 50%wt concentrations, respectively),

the results are comparable since the capacity loadings are normalised on the basis of the
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mass of the solution employed or the moles of IL within the solution. Figure 4.8 shows
the evolution of @ and m in the two set of test runs. It can be observed that the 50%wt
solution presents much higher performances in terms of m — that is, amount of CO,
absorbed per kg of solution employed. The situation is reversed when the performance is
analysed in terms of a, where the amount of moles of CO, absorbed in the solution are

normalised with respect to moles of IL available.
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Figure 4.8. Comparison of the capacity load curves obtained from the tests with the 12.5%wt and
the 50%wt [Cho][Pro] in DMSO curves. (a) Calculated on the basis of the mass of solution
employed for the experiment. (b) Calculated on the basis of the total moles of [Cho][Pro] present

within the solution.
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Figure 4.9. Comparison of the removal rates curves for the first and the second cycles performed
by means of the 12.5%wt and the 50%wt [Cho][Pro] in DMSO solutions.

The reason for this is that the number of amine functionalities which can react are much
higher in the 50%wt solution — because of the increase in both concentration and volume
utilised. If this results in higher amounts of CO, absorbed on the one hand, on the other one
the evolution of a shows that not all the amine moieties are able to react, leading to poor
performances in terms of efficiencies of the absorption reaction. The 12.5%wt solution,
moreover, presents a larger number of moles absorbed and desorbed per cycle — which

translates into higher regeneration efficiencies.

The considerations made above can be again traced back to the difference in viscosity
between the two solutions. Possible ways to increase the performances of the 50%wt
solution consist in enhancing the diffusion mechanism of the CO, molecules within the

carbon capture solvent and were discussed previously (see chapter 4.3.2).

In addition, it is interesting to look at the removal rates achieved with the two solutions
employed. Although it was stated that the overall quantity of carbon dioxide absorbed per
kg of solution employed is lower when the 12.5%wt solution is used, Figure 4.9 highlights
that the removal rates are better in this instance. The difference in performances achieved
reaches values of 30% in some cases and it is particularly pronounced in the first 30

minutes of the test runs. It can also be noted that the removal rates obtained with the
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12.5%wt solution during the second cycle are almost equal to the ones achieved with the

fresh 50%wt solution.

In view of the fact that the ratio of the CO, flowrate entering the absorption column over
the moles of [Cho][Pro] present within the solution is practically the same (29 Nl/h per
mole of IL in case of the 12.5%wt solution and 30 NI/h per mole of IL in case of the
50%wt solution), the poorer performances of the more concentrated solution may indicate
that higher ratios are needed as lager moles of [Cho][Pro] are involved. The increase in
amount of IL, therefore, seems to result in the necessity of a longer residence time in the
absorption column of the stream to be purified, in order to enhance the mass transfer
phenomena and to allow the greatest number of reactions between the CO, molecules and

the amine functionalities.

In conclusion, the two preliminary experiments on the use of [Cho][Pro] in DMSO
solutions as carbon capture solvents showed that the increase in the amount of IL present
in the absorbing solution does not lead to higher performances unless the diffusion
mechanism is properly optimised. The increase in viscosity which occurs with increasing
concentrations, in fact, hinders the reaction mechanism and does not allow the complete
reaction between all the amine functionalities and the CO, present in the stream. Hence,
higher performances were achieved by the 12.5%wt solution, notwithstanding the fact that
higher concentrations may be promising if the diffusion phenomena were optimised (e.g.,

by increasing the operating pressure or lowering the input flowrate).

4.5. Criticalities arose and limits of the test bench

Figure 4.10 shows the changes in capacity loading over the course of the tests performed
for the current study. It clearly emerges that the a drastically drops among the first cycle —
carried out with the fresh solution — and the subsequent ones. If between the first and the
second cycle this can be explained with the non-completion of the regeneration of the
solution, the others require different considerations since the solution is supposed to be
completely regenerated at the end of the third cycle by increasing the temperature up to

110°C for about 120 minutes.
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Figure 4.10. Loss in capacity loading with cycles for the 50%wt [Cho][Pro] in DMSO solution.

To this regard, it can be hypothesised that the temperatures involved in the regeneration
step are too high and that the lower capacity loading is due to the degradation of the
solution. This is supported by the decrease in mass of the solution with respect to the initial
value which was measured in the clean-up phase (see chapter 514.1.2), which indicates

that evaporation losses took place.

Indeed, although the decomposition of the [Cho][Pro] in DMSO solution takes place at
130°C and other studies performed the regeneration step at 110°C with good results [98],
the considerations made above may be a clue that the thermal degradation already starts at
lower temperatures if the duration of the desorption phase is prolonged. As good
regeneration performances are observed also around 90°C, future experiments performed
on this test bench with [Cho][Pro] solutions should not overcome this value. The
completion of the regeneration of the solution could be thus achieved by extending the

duration of the desorption phase or by increasing the N, flowrate sent to the column.

The limits of the test bench also need to be mentioned. A source of inaccuracy of the
results obtained is ascribable to the flowmeters; they are in fact calibrated to nitrogen
streams and only the flowmeter which provides the measurements of the input stream is
provided with corrective factors for the operations involving CO,, CO,CH,, H,, 0, and

mixtures of them. In order to properly estimate the output flowrates during the absorption
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and desorption runs, proper corrective factors were estimated and are reported in

APPENDIX II

Other issues raised by the lack of precision of the heaters in bringing the solution within
the reactor at the set temperatures. Once set the desired value required for the operation to
be performed, in fact, the system initially exceeds this value in a range of 5°C — 10°C and

then stabilises to the wanted value.

Despite the criticalities highlighted, the results obtained from these preliminary studies can
still be considered in line with the objectives of the current study, which aimed at
evaluating the difference in performance — assessed as amount of CO, sequestrated form
the stream to be purified and molar efficiency of the reactions occurring — with the increase

in concentration of [Cho][Pro] in DMSO solutions.
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5. Conclusions

The fulfilment of the climate targets set worldwide dictates the transition from a high to a
low carbon economy. In this framework, CCS technologies are a powerful tool as long as
the CO, emissions from the energy sector and the hard-to-abate industries will be at

nowadays levels and low-carbon technologies will be available on a commercial scale.

The experiments performed for this study employed a 50%wt solution of [Cho][Pro] in
DMSO run on a bench-scale plant. The experimental assessment of the density and
viscosity values of the pure IL and the 12.5%wt, 25%wt, and 50%wt solutions allowed to
determine empirical equations for future calculations and highlighted the necessity of using
[Cho][Pro] together with less viscous solvents — given the two to three orders of magnitude

difference in viscosity between pure [Cho][Pro] and the other solutions.

The performance of the solution was then studied in terms of cyclability by operating three
consecutive absorption and desorption runs of 90 minutes each, with initial absorption
and desorption temperatures of 30°C and 80°C, respectively. The absorption capacity of
the fresh solution was 0.49 molq,/mol;;, in molarity terms and 1.12 mol¢o,/kgse in
molality terms and then halved at the second and third cycles, leading to regeneration
efficiencies of ~55%. Despite the poor absorption efficiencies obtained — which are
expected to range between 0.5molco,/mol;, and 1molcy,/mol;, when ILs are
employed — the cyclability of the solution seems to be good. A higher number of cycles

(e.g., 20) should be performed to confirm this statement, however.

The effect of the initial temperature was investigated in an interval between 30°C and
60°C, showing a drop in absorption capacity from 0.27 molq,/mol;;, to 0.19 molce,/
mol;; and thus confirming the significant impact it has, since the absorption reaction is not
highly exothermic and the operating temperature does not change remarkably over the

operations.

A comparison between the results obtained from a previous study performed with a
12.5%wt [Cho][Pro] in DMSO solution on the same test bench showed that the increase in

concentration results in higher absorption capacities in molality terms (1.08 mol¢o,/

mol;;, with respect to 0.35 mol¢,/mol;, obtained with the 12.5%wt solution), but lower
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in molarity terms (0.47 molq,/mol;;, with respect to the 0.63 mol¢o,/mol;;, obtained
with the 12.5%wt solution). This indicates that higher concentrations contain a higher
number of amine functionalities able to absorb the CO, molecules, but the higher

viscosities which derive lead to hindered diffusion phenomena and poor molar efficiencies.

Future studies should focus on determining a compromise between these two parameters,
in order to guarantee the minimum CO, uptake from the stream to be purified and the
optimal use of the expensive IL at the same time. Moreover, the effect of the increase in
operating pressure during the absorption run should be investigated, since studies in the
literature performed with aqueous [Cho][Pro] solutions claim the achievement of better
performances. At last, economic analyses should be performed, intending to find the

operating conditions which minimise the capital and the operational expenditures.
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APPENDIX I: Calculation of the experimental errors

According to the theory of errors, given the systematic direct errors which affect a
measurement, the indirect ones (i.e., the ones which affect the values calculated with the

direct measurements) can be obtained as follow.

Being x,y and z quantities obtained by means of experimental measurements with mean
value and errors expressed as X + Ax,y + Ay and Z + Az, the indirect error on the value

given by the formula f (x, y, z) can be calculated according to the following formula:

of (x,y,%)

of (x,y,2)
0x 0z

- Az

of (x,y,z
Awa%zj

-Ay+|

Af(x,y,z) = |
where the value of the partial derivatives are calculated considering x = X,y = y,z = Z.

The relative error and the percentage error are the calculated as

Af (x,y,2)

err. = |-
T fx,y,2)

erry, = errye - 100

In the following, the formulas employed for the calculation of the errors in the current

study are briefly reported.
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1. Density

pycnometer volume
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3. CO, absorption

C O, absorbed
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APPENDIX II: Flow rates corrective factors

Since the flowmeters installed in the plant are calibrated to nitrogen streams and only the
one which provides the measurements of the input stream is provided with corrective
factors for different concentrations of the inlet stream, proper corrective factors were

estimated.
Two approaches were considered.

The first one consisted in estimating empirical formulas for the corrective factors for both
the inlet (FM1) and outlet (FM4) values provided by the instruments as a function of the
values imposed on the software. A logarithmic trend was observed; thus, the following

formula was considered:
CF =A;-In(FM) + A,

where CF stands for corrective factor, A; and A, are the fitting parameters (reported in the

table below) and FM is the value of the flowrate provided by the instrument.

Table a. Fitting parameters for the estimation of the corrective factors to be applied to the values
provided by all the flowmeters.

Ay A,
) inlet stream — FM1 (CO,) -0.02 0.9873
absorption
outlet stream — FM4 -0.049 1.4485
‘ inlet stream — FM1(N,) 0.2012 0.1145
desorption
outlet stream — FM4 0.1928 0.1511

The second approach calculated the corrective factors for the CO, fraction of the outlet
stream only. The values of the inlet flowmeter were considered to be reliable — since the
software allows to set its precise composition; for what concerns the outlet flowmeter, the

analysis of the absorption and the desorption runs needs to be discussed separately.

In the absorption run, in fact, the outlet flowrate is supposed to consist of the carbon

dioxide not absorbed in the absorption column only; hence, a corrective factor was applied
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to the overall value provided by the instrument — which is calibrated to nitrogen stream

measurements, as said above.

In the desorption run, the outlet flowrate is composed of the nitrogen sent to the column for
the regeneration and the carbon dioxide desorbed. In this case, in the data analysis phase,
the two components were considered separately and the corrective factor was applied to
the CO, fraction only. In order to calculate the fraction of carbon dioxide desorbed, the

nitrogen fraction was considered to be equal to the inlet one (provided by FM1).

A linear trend was observed in this case, thus the corrective factor was calculated

according to the formula
CF4 = A1 : FM4C02 +A2

where CF4 is the corrective factor calculated for the outlet stream, A; and A, are the fitting

parameters reported in the table below, FM4,, is the CO, flowrate in the outlet stream.

Table b. Fitting parameters for the estimation of the corrective factors to be applied to the CO,
fraction of the stream values provided by the outlet flowmeter.

Ay 4,

outlet stream — FM4 -0.0003 0.7436

The current study followed the second approach, in order to consider the real flowrates

sent to the column instead of the ones imposed from the software.
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