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Abstract

Capturing of waste CO», particularly from large industrial point sources, is necessary for
either permanent storage or CO» utilization. Amine solvents used for carbon capture have certain
drawbacks, particularly the high energy required by the reboiler for solvent regeneration and
degradation of the amine with absorption/regeneration cycling. These challenges may be
overcome using ionic liquids (ILs) that can be tailored for operating under typical flue gas stream
conditions (8-10% CO», 18-20% H>0O, 2-3% O», and 67-72% N>). ILs, however, oftentimes
suffer from high viscosities, leading to diffusion limitations when compared to amine solvents.
This work models the combinations of aprotic heterocyclic anion ILs (AHA-IL) with
monoethanolamine (MEA) and studies the carbon capture effectiveness of these mixtures. This
study found that all AHA-IL/MEA mixtures exhibited 32 % lower enthalpy of reaction
(compared to MEA) and 64 % lower viscosity (compared to AHA-IL), which are desirable

characteristics for CO; capture solvents.
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1. Introduction

The primary source of energy since the onset of the industrial revolution has been fossil-
based feedstocks. These feedstocks (i.e., coal, crude petroleum, and natural gas) have been the
primary driver for growing economies, increasing standards of living, and advancing
technologies. However, the use of these feedstocks has caused significant increases in
atmospheric CO; levels (American Chemical Society, 2013). According to the U.S. EPA, 76 %
of all CO; emissions from industrial sources in the U.S. in 2018 was from fossil fuel combustion.
Among these sources, electric power plants, oil and gas processes, chemical production facilities,
and petroleum refineries were identified as the primary large point sources of CO; emissions
(US-EPA, 2022; Madugula et al., 2021). Therefore, developing solutions to reduce CO>
emissions from industrial sources has become paramount in providing a long term, sustainable
global ecosystem.

Currently, the most mature and utilized technology for post-combustion CO» capture,
compression, and dehydration uses an aqueous solution of 30 wt % monoethanolamine (MEA)
for CO» capture (Luis, 2016; Nittaya et al., 2014). However, amine-based solvents have high
operational expenses, as they are plagued with thermal degradation, degeneration in the presence
of impurities (O2, SOx, and NOx), high regeneration energy requirements, and loss of solvent
during regeneration (Davis and Rochelle, 2009; Fredriksen and Jens, 2013; Zhou et al., 2012).
Hence, alternative solvents such as Ionic Liquids (ILs) have caught the interest of the scientific
community for their intrinsic properties, including negligible volatility, high CO, absorption, and
low corrosivity (Davis and Rochelle, 2009; Fredriksen and Jens, 2013; Zhou et al., 2012).
However, ILs also come with their own drawbacks, including high viscosity and ineffectiveness

in the presence of water. The high viscosity of ILs is especially detrimental to the application of



ionic liquids as alternative CO» capture solvents as it fosters lower reaction kinetic rates, poor
mass transfer rates, increases the energy requirement for pumping the liquid, and causes elevated
energy requirements during CO» regeneration. Therefore, decreasing the viscosity of the ionic
liquid would improve the diffusivity of the CO; molecule, thereby increasing the diffusion
coefficient. The dependence of viscosity on the diffusion coefficient can be quantified using the

Wilke — Chang equation (Eq 1) (AspenTech, 2019; Poling et al., 2001).

_ -16 T X (piXMWj
D; = 1.173 x 10 (—m S ) Eq 1

where, i refers to the diffusing solute, j refers to the solvent.

D;; = Diffusion Coefficient of solute, i, into solvent, j, (m*/s)

T = Temperature of the solution (K)

@; = Association Factor for solvent (= 1)

MW, = Molecular weight of solvent

Vpi = Liquid molar volume at boiling point of solute, 1, (m?/kmol)

u; = Liquid viscosity of solvent, j, (kg/(m.s))

Unfortunately, many ILs have also shown increased viscosity upon saturation with CO»,
severely limiting mass transfer during CO; capture (Anderson et al., 2007; Brennecke and
Gurkan, 2010; Garip and Gizli, 2020; Lei et al., 2017; Lian et al., 2021; Park et al., 2015;
Ramdin et al., 2012; Torralba-Calleja et al., 2013), resulting in negative diffusion impacts. A
new class of ILs containing aprotic heterocyclic anions (AHAs) were recently discovered that do
not exhibit increased viscosity with CO» saturation. This phenomenon is due to the absence of

the H' ion in the anion, preventing the IL from forming intramolecular hydrogen bonds (Gurkan



etal., 2010; Seo et al., 2014). Additionally, when these AHAs were paired with a phosphonium
cation, the IL maintained CO; absorption performance even in the presence of water (Gurkan et
al., 2010; Seo et al., 2014). Thereby making phosphonium based AHA-ILs suitable for post
combustion flue gas conditions in which a high-water content ( > 10% by wt.) is typically
expected.

In particular, the AHA-ILs, triethyloctylphosphonium 2-cyanopyrrolide, [P2228][2-CNPyr],
and trihexyltetradecylphosphonium 2-cyanopyrrolide, [P66614][2-CNPyr], (Figure 1) have
shown promising results as potential replacements for amine — based solvents. Both ILs have
shown to reach an absorption capacity of ~ 1 mol CO2/mol of IL [24]. However, their viscosities
are 80 and 160 cP, respectively, compared to ~ 7 cP for amine solvents at typical post
combustion capture conditions (Maham et al., 2002). One way to reduce viscosity of the AHA-
ILs is using a co-solvent. This was demonstrated by de Riva et al (2018), where [P66614][2-
CNPyr] and [P66614][2-CNPyr] were diluted up to 25 wt % using tetraglyme. The tetraglyme-IL
hybrid solvent preserved the CO; absorption capacity of the IL while decreasing the viscosity of
the solvent (de Riva et al., 2018; Hospital-Benito et al., 2021, 2020). However, as tetraglyme has
low absorption CO; capacity, the authors of this paper believe that utilization of a co-solvent
with better CO» absorption could result in a hybrid solvent system with improved CO; absorption

capacity and lower viscosity.



" CH,
a) CH b)
k /~=~CH,
p\\ N__==N P N ==
A/_/JQ/ L U \ U
HyC 3

CH,

H,C

Figure 1: (a) Molecular Structure of triethyloctylphosphonium 2-cyanopyrrolide, [P2228][2-

CNPyr] and (b) trihexyltetradecylphosphonium 2-cyanopyrrolide, [P66614][2-CNPyr]

Hence, the authors of this study suggest the use of MEA as a co-solvent with AHA-IL. The
ionic liquids, [P2228][2-CNPyr] and [P66614][2-CNPyr], were chosen in this study to represent
the phosphonium based AHA-ILs. The authors of this work hypothesize that using MEA to
dilute AHA-ILs would improve the CO> absorption by two methods 1) decreasing the viscosity
to improve CO» diffusivity and 2) increasing CO; reactivity and reducing the dilution effect by
providing two chemical routes for CO: capture in the solvent instead of just one. The first
chemical route would be through the formation of ILCOO complex formed by the reaction of the
2-cyano-carbonotrile anion of the ionic liquid and CO> (Figure 2), and the second route would
be through the formation of a carbamate ion due to MEA. Additionally, based on the work of de
Riva et al. (2020), the addition of 30 wt % aqueous amine was also studied as the authors
hypothesize that the water in the MEA solution would help absorb the heat generated due to the

exothermic nature AHA-IL/MEA/CO; interactions.
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Figure 2: Reaction Mechanism for CO; with (a) [P2228][2-CNPyr], (b) [P66614][2-CNPyr] and

(c) ethanolamine (C2H4NH>OH) and CO»

There are only a handful of studies using MEA as a cosolvent to dilute ILs despite having
favorable results. For example, the CO; absorption capacity of 1-butyl-3-methylimidazolium
acetate and 1-ethyl-3-methylimidazolium octylsulfate mixed with aqueous MEA was linearly
dependent on the concentration of MEA. The water in the mixture facilitated the decrease of
viscosity of the solvent complex (Baj et al., 2013). Yang et al. (2014) studied the effect of
aqueous MEA with 1-Butyl-3-methylimidazolium tetrafluoroborate, [bmim][BF4], to reduce the
energy consumption and operating costs of CO; capture from low-pressure flue gas streams. The
regeneration energy was reduced by ~ 37 % for MEA/[bmim][BF4]/H>0O (0.3:0.4:0.3 w/w/w)

mixture and MEA loss was reduced by 50 % compared to that of traditional aqueous amine-



based CO» capture. The mixed IL also had a low viscosity (3.54 cP), facilitating the application
of IL-based solvents in industrial applications [31]. Additionally, there are no studies found in

the open literature studying the effect of MEA on AHA-ILs.

Hence, this study, provides a unique perspective by presenting a model study on the effect of
aqueous and nonaqueous MEA on [P2228][2-CNPyr] and [P66614][2-CNPyr] using process
modeling software and proposes a suitable MEA and IL composition for low viscosity and low
reaction enthalpy. These parameters were chosen for optimum absorption/solvent regeneration
efficiency. The energy required for solvent regenerate depends on the enthalpy of reaction
between COz and the solvent. Therefore, the desired hybrid solvent should possess low enthalpy

of reaction, preferably be lower than that of MEA (-85 kJ/mol of CO; absorbed).

2. Simulation Methodology

The effect of the addition of nonaqueous MEA and aqueous MEA to [P2228][2-CNPyr] and
[P66614][2-CNPyr] on viscosity and CO» absorption capacity was studied using Aspen Plus®
v11 software package. Although a CO; capture study usually uses an absorber column for
solvent-based CO» capture, in this work the authors used an adiabatic continuously stirred tank
reactor (CSTR) to study the chemical reactions between IL, MEA, and CO». This provided a
good approximation as each tray in an equilibrium-based reactive absorber is equivalent to a
CSTR.

The Electrolytic Non-Random Two Liquid — Redlich Kwong (ENRTL-RK) thermodynamic
package was used in this study to account for the IL/MEA/H>O/CO; electrolyte system (Akinola

et al., 2019; Sanku and Svensson, 2019; Zacchello et al., 2017). The components were modelled



using a True Components Approach that takes into consideration the free and dissociation forms

of the components.

2.1 Validation of MEA-CO:2-H20 Environment in Aspen Plus®

The parameters for the simulation of MEA-CO»-H>O environment were adopted from the
template ENRTL-RK_RATE BASED MEA MODEL provided by Aspen Plus® for Carbon
Capture MEA. The various parameters used in this template (such as Henry’s Constants, NRTL
constants, Equilibrium constants, and the parameters for reaction kinetics) to define the MEA-H>O
-CO; electrolyte system were regressed from experimental data from various sources by the
engineers at Aspen Plus® and can be found in the report available with the said template
(AspenTech, 2010).

The reaction chemistry for MEA based CO» capture consists of three equilibrium reactions
and two reversible kinetic reactions (Rxn 1 — 5). The equilibrium constants for all the equilibrium
reactions (Rxn 1 — 5) were calculated from the standard Gibbs free energy. The kinetic parameters
for the reversible kinetic reactions (Rxn 4 and 5) were obtained from the works of Errico et al.
(2016) and tabulated in Table 1 (Errico et al., 2016). To validate the simulation environment for
MEA based CO; capture system, a two-stage equilibrium-based absorber was additionally

modeled and compared against the pilot plant data (Table 2) by Notz et al. (2012).

2H,0 S H;0" + OH™ Rxn 1
HCO;~ + H,0 S H30* +C0, ™2 Rxn 2
MEA* + H,0 S H;0% + MEA Rxn 3

CO, + MEA + H,0 5 H,0* + MEACOO™ Rxn 4



CO, + OH™ 5 HCO,~

Rxn 5

Table 1: Kinetic Parameters for Reactions 9 and 10 as obtained from Errico et al. (2016)

Forward Reverse
k () B G |k Ga) | B G
Rxn. 4 9.77 x 10'° 9.86 3.23x 10" 15.65
Rxn. 5 4.32x10" 13.25 2.38x 10" 29.45
Table 2: Pilot plant data by Notz et al. (2012)

Parameter Units FG? LSP
Temperature (T) °C 48 40
Pressure (P) bar 1.004 2
Total molar flowrate kmol/h 2.56 8.74
Mole Fraction
MEA 0.000 0.103
H>O 0.111 0.869
CO2 0.054 0.027
N2 0.746 0.00
02 0.089 0.00
Molar CO; Loading moles CO2/mol MEA — | 0265

2FQG is Flue Gas inlet stream.

LS is Lean Amine inlet stream.




2.2 Simulation of Ionic Liquids in Aspen Plus®

The absorption of CO2 by AHA-IL is a combination of physisorption as well as
chemisorption. While the physisorption is governed by the Henry’s constant (Mortazavi-Manesh
etal., 2011), chemisorption between AHA-IL and CO> occurs as an exothermic reaction via the

formation of a reaction intermediate (COOIL) in a 1:1 stoichiometric ratio (Rxn 6).
IL + CO, s COOIL Rxn 6

The ionic liquids, and their corresponding reaction intermediates, were modelled as
“pseudocomponents” by specifying the normal boiling points, density, and molecular weights.
Additionally, the water solubility and the viscosity data were available from literature for both
ILs and were used when specifying the ILs in the Aspen Plus® Properties Environment
[23,24,38]. The modelling of the ionic liquids was based on the viscosity (u) profile, enthalpy of
reaction at 40 °C (AHrxn,40 °c), and CO» absorption capacity (z) profile. A temperature of 40 °C
was chosen as the reference as it is the typical operating temperature of a CO» absorber (Errico et
al. (2016)).

First, the viscosity profile for both the ionic liquids was analyzed. The parameters needed to
model the viscosity profile were obtained by regressing the viscosity data into Andrade’s
temperature dependent equation (Eq 2). As AHA-ILs show no appreciable change in viscosity
upon reaction with CO», the viscosity of the CO»-IL reaction intermediate molecules was

modelled to be the same as that of their corresponding AHA-ILs.

ln(ui) = Ai + %‘F Ci “In (Tl) Eq 2



The enthalpy of reaction for both ILs was adjusted by manipulating the heat of formation of
the corresponding ionic liquids. The enthalpy of reaction/absorption at a given temperature is
theoretically equal to the enthalpy required to cool or heat the reactor divided by the moles of the
reactant consumed when both the reactants and the products are maintained at the same
temperature. Hence, the heat of the reaction at 40 °C was estimated by running the CSTR
isothermally while keeping the temperature of the reactants and the products at 40 °C. The
enthalpy of reaction was then adjusted to the desired values, -46.6 kJ/mol of CO, for [P2228][2-
CNPyr] and -43.3 kJ/mol of CO; for [P2228][2-CNPyr], by adjusting the heat of formation of the

corresponding IL (Gurkan et al., 2010; Song et al., 2019).

The CO; absorption profile for the ILs were obtained by running the CSTR adiabatically and
regressing the parameters required to fit the temperature dependent equations of the Henry’s Law
constant, Ky, and the equilibrium constant, Keq, shown in equations 3 and 4, respectively.
Additionally, the enthalpy of reaction for the ILs was incorporated into the equilibrium constant
by fixing the parameter, Bk. The heat of formation and equilibrium constants are

thermodynamically described in Eq 5. The heat of physical absorption was calculated using Eq 6.

In(Ky) = Ay; + % Eq3
In(Keg) = A + =2 Eq4
ln(Keq) = % + (%) Eq5
In(Kyp) = =+ (‘AHE%) Eq 6



2.3 Aspen Plus® Simulation Flowsheet

As previously mentioned, the addition of MEA to IL on CO; absorption was studied using a
CSTR model (Figure 3). The inlet streams were specified to be at 1.1 bar and 40 °C, and the
reactor was specified to be operating at atmospheric pressure (1.013 bar or 1 atm). The lean
solvent consisting of mixture of IL (Stream IL) and non-aqueous MEA (Stream MEA) forms the
lean stream (Stream LS) entering the CSTR from the top. The flue gas (Stream CO») enters from
the bottom, allowing the gaseous CO» to counter-currently react with the lean solvent. The CO;
rich solvent (Stream RS) exits via the bottom, while any unabsorbed vapor stream with low

levels of CO; exits via the top (Stream Clean Gas).

Clean Gas ————»

IL

= MEA

(aq. or non-aq.)

MIX

RS FH———=

] CO:

b

CSTR

Figure 3: Simulation flowsheet of continuous stirred reactor used to study the effect of addition
of ag. and non-aq. MEA to [P2228][2-CNPyr] and [P66614][2-CNPyr] on CO, absorption and

viscosity.



2.4 Addition of MEA to Ionic Liquids

The effect of adding MEA to the ILs was studied individually for [P66614][2-CNPyr] and
[P2228][2-CNPyr] using both nonaqueous and 30 wt % aqueous MEA. Table 3 shows the
different hybrid solvent streams considered in this study. A concentration of 30 wt% aqueous
MEA was considered in this study as it is the most common amine concentration in industry for
CO» removal (Barzagli et al., 2016; Brigman et al., 2014; Cebrucean et al., 2014; Hamborg et al.,
2014; Lv et al., 2015; Matin and Flanagan, 2022; Mores et al., 2012; Morken et al., 2014;
Naveiro et al., 2022). Additionally, the effect of CO» loaded aqueous MEA streams on the ILs
was also considered in this study using a CO; loading of 0.3 mol CO2/mol MEA.

Initially, an equimolar ratio of ionic liquid to CO» gas stream was specified as inlets to the
CSTR. MEA was then added in increments of 0.5 mol % to the IL to a maximum of 95 mol %
MEA. The CO; capture performance of all the four hybrid solvents was then studied
systematically. In particular, the effect of the addition of MEA to the ionic liquid was studied by
plotting the outlet adiabatic temperature, the diffusivity of CO» in the hybrid solvent, the CO»
absorption capacity (z), and the heat of the reaction of CO; and IL at 40 °C (AHRrxn at 40 °c). While
the first two parameters were directly obtained from the Aspen Plus® simulation, the latter two

parameters were calculated as shown below.

niLcoo + Nco, phy.abs ¥ TMEACOO Eq 7

CO, Absorption Capacity (z) =

NiLin ¥ MTMEA,in

Enthalpy of Reaction at 40 °C (AHgyp qt 40 °c) = Duty of Reactor (2t 40 %0)

Nco,,in (Total)
where,

Nycoo = number of moles of ILCOO intermediated formed after reaction of CO; with IL



Nco, phy.abs = number of moles of CO; physically absorbed into the solvent without
conversion

NyEeacoo = number of moles of MEACOQO™ intermediated formed after reaction of CO; with
MEA

Ny in = number of moles of IL input

NyEain = Number of moles of MEA input

Duty of Reactor (at 40 °C) = Heat released by the reactor when the temperature of the
reaction products is reduced from their adiabatic temperature to 40 °C.

N(o, in (Total) = 10tal number of moles of COz inlet into the reactor through the gas stream.
When CO; loaded aq. MEA is used as a cosolvent,

Mo, in (Total) = SUm of the total COz in through the flue gas stream and the number of

moles CO; present in the CO; loaded aqueous MEA stream

Hybrid solvents suitable for CO» capture were then identified based on the study. The
composition of the suggested hybrid solvents was then selected such that the viscosity of the
hybrid solvent was reduced compared to pure IL and the enthalpy of reaction of the hybrid

solvent was reduced when compared to that of MEA.



Table 3: Experimental Design

Name of Hybrid

Solvent

[P2228]

[2-CNPyr]

[P66614]

[2-CNPyr]

Nonaqueous

MEA

30% Aqueous MEA

w/o CO»2 w/ CO;

Loading Loading

Al

A2

w/o CO, Loading

A2

w/ COz Loading

B1

B2

w/o CO, Loading

B2

w/ COz Loading

3. Results and Discussions

3.1 MEA Environment Validation

The environment for CO; capture using aqueous MEA was validated by comparing the

results of a COz capture absorber (Figure 4) simulated in Aspen Plus® to that of the pilot plant




described by Notz et al. (2012). Typically, an absorber for CO2 Capture in Aspen Plus® can be
simulated either in a Rate Based Mode that allows the user to consider the limitations to mass
transfer in the presence of a chemical reaction (Madeddu et al., 2019), or, in an Equilibrium
Based mode by introducing the Murphree tray efficiency parameter (91, 2012).

In this study, a two-stage equilibrium-based approach was satisfactory as the percent error
between the Pilot Plant and the simulation was minimal. Therefore, an equilibrium-based
approach was an acceptable approximation. Table 4 shows the experimental and simulated
results of CO» capture around the absorber as well as the corresponding error in the CO; rich

amine stream (RS) leaving the absorber.

@ LS cCG —
CO: Capture
Absorber
> FG RS ————

Figure 4: Aspen Plus® Simulation of 2-Stage Equilibrium absorber used to verify the aqueous
MEA environment. FG, LA, CG and RS represent the Flue Gas inlet, Lean Amine inlet, Clean

Gas outlet and Rich Amine stream.



Table 4: Comparison of Rich Amine Stream (RS) determined by simulation versus pilot plant

data.
Experimental
Parameter Value Simulation Error %
[Notz et al. (2012)]

Temperature (T) °C 51.66 51.28 -0.74%
Pressure (P) bar 1.065 1.065 --
Total molar flowrate kmol/hr 8.82 9.02 2.27%
Mole Fraction

MEA 0.102 0.1 -0.98%
H>O 0.859 0.858 -0.12%
CO2 0.039 0.041 5.13%
N2 0 0 --
)} 0 0 --
Molar CO2 Loading 0.387 0.419 8.27%




3.2 Validation of AHA-ILs

The experimental data (Gurkan et al., 2010; Song et al., 2019) for viscosity and CO
absorption of both the ILs were modelled using Aspen Plus® ( Figure 5). The enthalpy of
reaction (AHchem.) and enthalpy of dissolution (AHpny.) for both the two ILs are shown in Table 5
and are in good agreement with the values found in literature. The high R? values of the viscosity
and CO; absorption profiles for both the ILs are indicative of adequate modelling of ILs and their
reaction intermediates within the simulation. The R? values for the viscosity and CO> Absorption
Profile along with their corresponding fitting parameters for both the AHA-ILs can be found in

Supplementary Document A (Table S1 and Table S2, respectively).
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Figure 5: Ionic Liquid Validation: a) Viscosity profile of ionic liquids vs Experimental Data; b) CO2 Absorption Profile vs
Experimental Data for [P2228][2-CNPyr]; and ¢) CO; Absorption Profile vs Experimental Data for [P66614][2-CNPyr]. The markers
represent experimental data from literature (Gurkan et al., 2010; Song et al., 2019). The dotted lines represent the CO; absorption

profiles obtained from the simulation.



Table 5: Validation Results of [P2228][2-CNPyr] & [P66614][2-CNPyr]

[P2228][2-CNPyr] [P66614][2-CNPyr]
Parameters Units
Chem. Phy. Chem. Phy.
Change in Entropy (AS) J -90.99 -151.94 -97.57 -158.23
mol - K

. k]
Change in Enthalpy (AH) —1 -46.60 -11.04 -43 -13.20

mo

3.3 Effect of nonaqueous MEA on Viscosity and CO2 Absorption Capacity of IL

The effect of aqueous and nonaqueous MEA on the viscosity of [P2228][2-CNPyr] &
[P66614][2-CNPyr] can be seen in Figure 5. In this graph, Solvent A1 and Solvent B1 depicts
the dilution of IL with non-aqueous MEA. Solvent A2 and B2 (with or without CO: loading)
pertain to the dilution of the corresponding ILs with aqueous MEA with or without CO> loading,
respectively. Figure 6 shows that the addition of MEA to the ILs exhibits a decrease in the
viscosity of the solvent as was expected. The viscosity of the hybrid solvents formed by diluting
AHA-IL with nonaqueous MEA was lower than hybrid solvents formed by the diluting AHA-ILs
with aqueous MEA.

CO: loading shows no considerable effect on the viscosity of the hybrid solvent A2 at lower
concentrations of aqueous MEA. However, at concentrations > 25 mol % aqueous MEA in the
IL, the viscosity of solvent A2 with CO: loading is slightly higher than that without CO- loading.
This increase in the viscosity of the hybrid solvent at higher concentrations of MEA can be
ascribed to MEA which exhibits a subtle increase in the viscosity upon CO; absorption (Perumal

et al., 2020; Zhang et al., 2015).
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Figure 6: Viscosity profiles for various hybrid solvents. The inlet streams were specified at 40°C

and 1.1 bar. The CSTR was operated adiabatically at a pressure of 1.013 bar or 1 atm.

The effect of nonaqueous MEA on CO» absorption capacity (z) is shown in Figure 7. For
the hybrid solvents made from nonaqueous MEA and AHA-IL, it is observed that both the AHA-
ILs exhibit a near linear reduction in the CO; capture capacity of the hybrid solvent. This trend
continues to ~50 mol % MEA. This reduction in the CO2 absorption capacity can be attributed to
the dilution of the IL with MEA. Additionally, the increase of CO» absorption capacity (z)
beyond ~50 mol % MEA and until ~70 mol % can be attributed to the changing diffusivity of
CO: (Figure 8c¢). As the diffusivity of CO; in the solvent increases, the reactivity (enthalpy of

reaction) increases, thereby increasing the outlet temperature (Figure 8a). The increase in the



outlet temperature is a result of the combined exothermic reactions of the IL and MEA with CO»
(as shown in Figure 8b). This increase in temperature shifts the equilibrium towards the
reactants, thereby decreasing the CO> absorption beyond the 70 mol % mark.

Figure 8a also shows that the mean adiabatic temperature of the outlet streams reaches
temperatures 2 100 °C, which is due to the exothermic reactions between CO,, MEA, and IL.
These temperatures are close to the thermal degradation temperatures of MEA. Hence, Solvents
A1l and B1 cannot be recommended for utilization in CO» capture process equipment as they

increase the risk of MEA degradation.
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Figure 7: CO, Capture Capacity (z) v/s Mole Fraction of MEA in IL for hybrid solvents A1 and
B1. The inlet streams were specified at 40°C and 1.1 bar. The CSTR was operated adiabatically

at a pressure of 1.013 bar.
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3.4 Effect of aqueous MEA on Viscosity and CO:2 Absorption Capacity of IL

Figure 9a shows the variation in CO; capture capacity (z) of the two hybrid solvents with
increasing aqueous MEA concentration at two different CO loadings of aqueous MEA. As can
be immediately noticed, CO; loading of the aqueous MEA does not contribute to the overall CO»
capture capacity of the hybrid solvent. The CO; capture capacity of both the solvents exhibit an
overall decrease in z with an increase in the concentration of aqueous MEA due to dilution. It
can also be noted that z of the hybrid solvent initially exhibits an increase in the capture capacity
to ~ 20 mol % of aqueous MEA. This change can prominently be seen in Solvent B2 (as opposed
to Solvent A2) because the inherent CO» capture ability of [P66614] is lower than that of
[P2228], thereby allowing the IL to have a significant rise in z when mixed with aqueous MEA.

The variation of z can also be explained by plotting the diffusivity of CO> in the solvent
against the concentration of MEA in the Hybrid solvent (Figure 9b). The addition of aqueous
MEA to the IL initially reduces the amount of CO» that diffuses into the liquid, causing an initial
decrease in the z of the hybrid solvent. However, between 12 and 25 mol % of aqueous MEA,
the diffusivity increases, thereby increasing the CO» absorption capacity of the hybrid solvent.
Beyond 25 mol %, the diffusivity and the absorption capacity reduce due to dilution. This
decrease is noticed until 75 mol % of MEA, after which the diffusivity of CO; increases
exponentially as the viscosity of the solvent also falls dramatically. This phenomenon can also be

seen in the CO; absorption capacity.
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Figure 9: (a) CO2 Absorption Capacity (z) of the hybrid solvent, and (b) Diffusivity of CO2 in
hybrid solvent during CO; capture as function of mole fraction of aqueous MEA in hybrid
solvents A2 and B2. The inlet streams were specified at 40°C and 1.1 bar. The CSTR was

operated adiabatically at a pressure of 1.013 bar or 1 atm.

Additionally, the adiabatic increase in temperature of the outlet stream (Figure 10a) also
correlates with the diffusivity of CO; in the hybrid solvent. A reduction in the diffusivity reduces
the temperature as there is less CO» available to react. However, the overall enthalpy of reaction
(Figure 10b) increases linearly up to ~ 60 mol% of aqueous MEA) in IL, beyond which the
increase is exponential. It can be noticed that the slope of the exponential increase is steeper for
the hybrid solvents without CO» loading than the solvents with CO> Loading. This difference in

the slope might be attributed to the depletion of COz in non-CO; loaded solvents.
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of 1.013 bar or 1 atm.

3.5 Composition Selection

Based on the results in the previous sections, solvents A1l and B1 were eliminated from this
section. The results from Section 3.4 also indicate that the addition of aqueous MEA with CO»
loading to IL had no significant difference in the behavior of solvents A2 and B2. Hence, only
the hybrid solvents made from IL and aqueous MEA without CO; loading were used to select a
composition of the hybrid solvent that is less exothermic than MEA and has a lower viscosity
than its constituent IL.

A sensitivity analysis was performed comparing the enthalpy of reaction (at 40 °C) and the

viscosity for various concentrations of 30 wt% aqueous MEA in both the ionic liquids. The



values obtained from the sensitivity analysis were equally weighted and normalized between 0
and 1 to bring both the parameters to the same scale (Eq 9). The point of intersection of the
normalized viscosity and enthalpy of reaction parameters would then be the desired point for the
hybrid solvents as shown in Figure 11. The corresponding values for the enthalpy of reaction,

viscosity, and composition of the hybrid solvents are found in Table 6.
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MEA in IL for hybrid solvents A2 and B2. The inlet streams were specified at 40°C and 1.1 bar.

The CSTR was operated adiabatically at a pressure of 1.013 bar.



Table 6: Results of composition selection of the hybrid solvents A2 and B2

Parameters Units Solvent A2 Solvent B2
Enthalpy of reaction (at 40 °C), AHrxn, 40 °c kJ/mol -57.38 -57.61
Viscosity, p cP 29.06 67.04
Xaqueous MEA" 0.8192 0.8381
xi* 0.1808 0.1619

x is component mole fraction.

The results illustrate that Solvent A2 and Solvent B2 exhibit comparable enthalpy of
reaction at ~ 57 kJ/mol of CO; absorbed, which is approximately 32% lower than that of
conventional aqueous MEA solvents. The marginally lower reaction enthalpy of the hybrid
solvent B2 can be attributed to the slightly lower enthalpy of reaction of its corresponding IL i.e.
[P66614][2-CNPyr], -43 kJ/mol v/s -46.6 kJ/mol for [P2228][2-CNPyr].

Solvent A2, however, is a better hybrid solvent for CO; capture because, in addition to
having a comparable enthalpy of reaction at 40°C to that of Solvent B2), this solvent also
exhibits a lower viscosity compared to Solvent B2. The lower viscosity of Solvent A2 can be
attributed to the lower viscosity of its constituent ionic liquid. i.e [P2228][2-CNPyr] compared to
[P66614][2-CNPyr].

Additionally, the results obtained in this study were also comparable to the results obtained
by Yang et al. (2014) in which a hybrid solvent of 0.3:0.4:0.3 w/w/w of MEA/[bmim][BF4]/H>0O
exhibited a reduction in the regeneration energy of ~ 37 % for mixture compared to that of

traditional aqueous amine-based CO; capture. A representative Input Summary Files for Solvent



A1 and Solvent A2 (w and w/o CO> Loading) can be found in Appendix 1, 2 and 3 of

Supplementary Document B.

4. Conclusion

This work presents a simulation model study on the effect of nonaqueous and aqueous
monoethanolamine (MEA) on phosphonium based Aprotic Heterocyclic Anion type ionic liquids
(AHA-ILs), Triethyloctylphosphonium 2-cyanopyrrolide, [P2228][2-CNPyr], and
Trihexyltetradecylphosphonium 2-cyanopyrrolide, [P66614][2-CNPyr]. Hybrid solvents were
formed by diluting each IL with nonaqueous MEA and 30 wt % aqueous MEA. Various
concentrations of these hybrid solvents were evaluated to study their effect on the CO»
absorption capacity and the viscosity of the ILs. Although ILs have approximately 47% lower
enthalpy of reaction compared to MEA, the solvent most currently used for CO; capture, they
also possess higher viscosity, hindering the diffusivity of CO; into the absorbing solvent.

This study found that all hybrid solvents exhibited an overall improvement in CO;
absorption by reducing the viscosity compared to using IL as the sole absorption fluid. Solvent
mixtures of IL and nonaqueous MEA resulted in outlet stream temperatures exceeding the
degradation temperature of MEA (> 120°C) due to the exothermic nature of the reactions
between AHA-IL, MEA, and CO». Solvents consisting of aqueous MEA, however, did not have
this issue. Water in the hybrid solvent functioned as a coolant to absorb the heat of the reactions.
Therefore, water plays a vital role in managing the temperature of the absorber when utilizing
MEA as a co-solvent with AHA-ILs.

Of the mixtures studied, only the hybrid solvent made from ILs and 30 wt % aqueous MEA

are recommended for carbon capture operations. The compositions of the hybrid solvents



obtained based on the selection criteria exhibited reduced viscosity (compared to pure ILs) and
enthalpy of reaction (compared to MEA). [P2228][2-CNPyr]/ 30 wt% aqueous MEA was
determined to be the best solvent with AHrxn =-57.38 kJ/mol of CO. absorbed, (32% lower than
aqueous MEA) and a viscosity of 29.06 cP that is 64% lower than pure [P2228][2-CNPyr].

The favorable performance of [P2228][2-CNPyr]/ 30 wt% aqueous MEA based hybrid
solvent in this study highlights a promising future for AHA-IL and aqueous MEA hybrid
solvents in the field of carbon capture. This study shows that hybrid solvents of such kind would
not only possess the potential to address the challenge of the high viscosity often associated with
the ILs but also exhibit improved CO; absorption capacity compared to MEA and maintain a
feasible CO» absorption temperature that is practical and suitable for industrial CO; capture
applications. This study also serves as a groundwork for future endeavors at optimizing and

implementing similar hybrid solvents for various CO; capture applications.
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