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ARTICLE INFO ABSTRACT
Keywords: Slowing down climate change requires urgent measures, and consequently, one of the main challenges of the
Carbon capture scientific community is to develop innovative technologies to reduce carbon dioxide emissions to the atmo-
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sphere. Non-dispersive CO, absorption using ionic liquids (ILs) as solvent and membrane vacuum regeneration
(MVR) as desorption step are considered as a one of the most promising technologies for solvent regeneration in
post-combustion CO, capture and utilization (CCU) since high purity carbon dioxide streams are needed for
technical valorization approach. In this work, the chemical binding 1-ethyl-3-methylimidazolium acetate
([emim][Ac]) and the physical solvent 1-ethyl-3-methylimidazolium methyl sulfate ([emim][MS]) have been
selected. COSMO based/Aspen Plus methodology has been successfully executed to specify the COSMOSAC
property method used in the commercial process simulator (Aspen Plus). Besides, a detailed two-dimensional
mathematical model of MVR technology has been validated for the first time with [emim][MS] as a represen-
tative of physical ionic liquid solvent. The effect on CO, desorbed flux and process efficiency have been tested at
different operation conditions in order to compare the behavior of chemical and physical absorption based on
ionic liquids. Low vacuum pressure and high temperature show a positive influence in the solvent regeneration
process, while high liquid flow-rate increases the process performance but also decrease the CO; desorption. The
IL ([emim][Ac]) presented higher MVR performance (92 %) than the IL [emim][MS] (83 %) at the best oper-
ational conditions (313 K and 0.04 bar), in which the total energy consumption has been estimated on 0.62 and
0.34 MJ-kgCO3 !, respectively. These results noted the benefit of the MVR technology based on ILs compared to
the conventional amino-based high -temperature regeneration process (1.55 MJ.-kgCOz '), presenting a step
forward in the substitution of amines. This work provides a valuable tool to help in the decision-making to select
the most promising ionic liquids, reducing laboratory efforts and, consequently, experimental costs.

most mature technologies. Nevertheless, the main challenge is to ach-
ieve a reduction in the energy consumption for COy rich-solvent
regeneration carried out in the desorption column, which is estimated
to constitute 15-30 % of the power plant output [3]. Focusing on it,
Membrane Vacuum Regeneration technology (MVR) is proposed as an
innovative CO5 desorption process allowing energy savings with respect
to conventional packed columns for the CO, desorption step [4-7].
Using MVR system, carbon dioxide is desorbed in a hollow fiber mem-
brane contactor (HFMC) from the rich solution by vacuum technology.
The application of vacuum for CO, desorption reduces the required
solvent regeneration temperature and, therefore, the energy consump-
tion to the overall COy capture system [8]. Moreover, the reduced
temperatures of the MVR technology increase the applicability of
polymeric hollow fiber membrane contactors (HFMC), which have ad-
vantages such as low-cost production, hydrophobicity, commercial

1. Introduction

Efforts to reduce carbon dioxide (CO2) emissions in industry and
energy sectors (decarbonization) are crucial to reach the net-zero
greenhouse gas emissions goal by 2050. [1]. In this context, post-
combustion Carbon Capture, Utilization, and Sequestration (CCUS)
technologies are currently calling attention due to their potential of
significantly capturing CO» from point sources (e.g., fossil fuel power
plants) by different approaches, which involve the carbon capture from
the industrial processes output gas to be used for carbon-based products
as a resource (CCU) or to permanent storage underground in geological
cavities (CCS) [2].

Solvent-based absorption-desorption technology which typically
separates CO3 from flue gas in packing columns is presented as one of the
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Nomenclature

Pco, CO,, partial pressure (MPa)

Xco, CO, molar fraction (-)

T Temperature (K)

7co, CO,, activity coefficient (-)

A;.B; Adjusted equation parameters (-)

z Molar ratio of CO, absorbed per mol of ionic liquid (-)
p Density (kg-m™>)

u Viscosity (mPa-s)

MW Molecular weight (g~mol_1)

Ky Henry’s Law constant (MPa)

KH Aspen Henry’s Law constant (MPa)

Keq Equilibrium constant (-)

AHg Enthalpy of reaction (kJ -mol™1)

w Electric energy consumption (MJe- s™1)
Qregen Heat energy consumption (MJy,- s

£ Energy transfer coefficient (-)

Er Energy required to remove 1 kg of CO, (MJ-kgCO3z1)
qco, Desorbed CO, mass-flow (kgC02~s’1)
Gy Desorbed CO, mole-flow (mol-s™1)

Fy Desorbed CO» flow-rate (L-s™ ')

availability and a wide range of chemical and morphological tunability,
being not suitable for higher temperatures of operation [9].

Up to date, the most widely used solvents in CO2 desorption process
based on MVR technology are amine-based solutions, mainly due to the
low viscosity, affordable cost and high CO, absorption capacity, even if
the CO, partial pressures are low [7]. In this context, Kosaraju et al. [10]
demonstrated the feasibility of CO, membrane stripping using com-
mercial PP membrane contactors by long term running (55 days test).
Fangetal. [11], Yan et al. [12], and Wang et al. [13] screened 23 types
of alkalonamines for MVR and evaluated experimentally the relation-
ship between solvent composition and MVR efficiency. Listiyana et al.
[5] performed CO2 regeneration experiments using PP HFMC and
activated amines to increase CO; regeneration efficiency and to decrease
the solvent cost. Pointing out the focus on the energy saving, Nii et al.
[14] showed that the MVR technology could effectively employ low-
temperature energy or waste heat in the power plants. However, dis-
advantages have been reported for amine-based CO, desorption process,
such as absorbent losses and degradability, energy intensive regenera-
tion requirement, and HFMC corrosiveness, which promote the research
of alternative solvents with better properties to address these de-
ficiencies [15]. Thus, it is necessary to search for new solvents to
overcome the present limitations shown by amines.

In this sense, ionic liquids (ILs) are presented as potential alter-
natives due to their special features for CO, capture like high uptake
capacity, negligible vapor pressure, wide operation temperature range
and tunable solvent [16,17]. ILs are divided in two main categories, non-
functionalized room temperature (RTILs) and task specific (TSILs). The
principal difference between these two types resides in that while RTILs
behave like typical physical absorbents for gases represented by Henry’s
Law constant, the TSILs present both physical and chemical absorption
and, consequently, may absorb more CO,. However, the solvent regen-
eration process using TSILs is very energy-intensive due to chemical
bonding [18].

The recent trends focused on CO, desorption process by coupled
MVR technology using ILs may be resumed in the efforts of: (i) studying
IL-based membrane contactors focused on solvent-membrane compati-
bility (Mulukutla et al. [19] and Bazhenov et al. [20]), and (ii) covering
the design, modeling, and experimental facilities for low-temperature
CO5 desorption using different ILs to address the influence of
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operating variables (Lu et al. [21], Simons et al. [22] and Vadillo et al.
[23]). However, there is a lack of data for the influence of the IL nature
(physical or chemical absorption) in the solvent regeneration perfor-
mance, not only based on thermodynamic and kinetic IL properties (e.g.,
viscosity, CO; solubility) but also based in CO, desorption process
simulations.

Model and simulation data about COy desorption process by MVR
technology and ILs with both physical and chemical nature could be
helpful to identify the IL key properties, with the purpose of establishing
reliable IL selection criteria, considering the IL tunability property,
which provides an extra degree of freedom in ILs design [24]. In this
context, a custom 2D model for the CO, regeneration process by MVR
technology using the chemical IL 1-ethyl-3-methylimidazolium acetate
[emim][Ac] has been developed in a previous research work and inte-
grated in the commercial simulation software Aspen Plus vl1 by COSMO
based/Aspen Plus model and application [23]. However, up to date,
modeling information about CO, desorption by MVR technology using
ILs with physical CO, absorption has not been widely studied in litera-
ture. From the basis of this simulation support, the experimental results
of the continuous absorption—desorption process using the physical IL 1-
Ethyl-3-methylimidazolium methyl sulfate [emim][MS] reported in our
previous publications, have been used to validate the CO, desorption
model proposed in this work.

This work aims to contribute to the development of a rigorous se-
lection criteria of the ionic liquids in the CO; capture scheme, focusing
on the study of the CO2 desorption process based on MVR technology.
Besides, in the present study, COSMO based/Aspen Plus methodology is
employed in order to: (i) describe chemical and physical CO2 absorption
parameters and (ii) carrying out simulations of the COy desorption
process in the commercial simulation tool Aspen Plus v11. The ILs
analyzed [emim][Ac] and [emim][MS] have been chosen to be prom-
ising candidates as chemical and physical ILs, respectively. The effect of
liquid flowrate, temperature, vacuum level and HFMC size are analyzed
on the desorption performance and CO; desorbed mole-flow. The energy
consumption for solvent regeneration is evaluated based on electrical
work required to desorb 1 kg of carbon dioxide from the ILs studied and
compared to the energy requirements in the conventional high tem-
perature desorption based on amines. This evaluation intends to help the
reader to choose between different types of ILs, which provides a blue-
print for solvent selection in the field of the non-dispersive absorp-
tion-desorption process using membrane contactors as a promising
carbon capture technology.

2. Methodology

This section explains in detail the materials and methods for the
experimental procedure of the membrane vacuum regeneration model
and simulation approach, the ionic liquids definition task and the
desorption energy consumption calculations.

2.1. Experimental: Materials and method

A polypropylene hollow fiber membrane contactor (HFMC) supplied
by Liqui-Cel Membrane Contactor (USA) is used to continuous absorp-
tion—desorption process. Table 1, shows the specifications of this HFMC.
The feed gas of the CO5 capture system is composed of 15 % carbon
dioxide (99.7, Air Liquide, Madrid, Spain) and 85 % nitrogen (99.9 %,
Air Liquide, Madrid, Spain), which is in the range of a typical coal-fired
power plant (10-16 %) [25].

The IL 1-Ethyl-3-methylimidazolium methyl sulfate [emim][MS]
(>95 %) supplied by Sigma Aldrich has been selected due to its high
values of surface tension, contact angle, moderate values of viscosity and
the presence of only physical absorption which potentially decrease the
energy consumption during the solvent regeneration process [26,27].
The process performance has been compared with previous works using
the IL 1-ethyl-3-methylimidazolium acetate [emim][Ac] (>90 %),
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Table 1
Hollow fiber membrane contactor (HFMC) characteristics (Liqui-Cel Membrane
Contactor, Minneapolis, Minnesota, USA).

Parameter value
Membrane Material Polypropylene
Module configuration Parallel
Module i.d., deone (m) 25 x 1073
Fiber outside diameter, d, (m) 3x107*
Fiber inside diameter, d; (m) 2.2 x107*
Fiber length, L (m) 0.115
Number of fibers, n 2300
Effective inner membrane area, A (m?) 0.18
Membrane thickness, § (m) 4%x10°°
Membrane pore diameter, d,, (m) 4%x10°°
Porosity, ¢ (%) 40
Packing factor, ¢ 0.39
Tortuosity, t 2.50

which presents both physical and chemical absorption [23]. Table 2
shows the chemical formula and structure of both ILs used in this work,
chemical [emim][Ac] and physical [emim][MS].

A continuous absorption-desorption setup suitable for CO5 capture
with ILs has been developed as shown in Fig. 1. Operating conditions are
presented in Table 3. The IL is recirculated in a closed loop through the
lumen side of both HFMCs (absorber and desorber). A digital gear pump
(Cole-Parmer Gear Pump System, Benchtop Digital Drive, 0.017 ml/rev,
220 VAC, Spain) has been used to maintain a constant IL flowrate and
avoid fluctuations. Experiments have been also performed inside an
oven for a controlled temperature environment and isothermal condi-
tions during the absorption-desorption process operation. The feed gas
mixture is introduced in counter-current at nearly atmospheric pressure
through the shell side of the absorber HFMC in open loop conditions
with constant flowrate while the IL passes through the lumen side of the
HFMC absorbing the CO,. The COy-rich IL during recirculation is
pumped into the tube side of the HFMC desorber where the CO2 could be
regenerated from the rich solution due to the positive effects of reduced
pressure applied on the shell side by using a vacuum pump PC 3001
VARIO PRO (Vacuubrand). CO, permeated from the rich solution to the
shell side through the gas-filled membrane pores and the CO, desorbed
is measured at the vacuum pump output. Gas mass flowmeters (Alicat
scientific, Spain) and a CO; analyzer (Geotech, G110 0-100 %, UK) are
used to measure the mass flowrate and the CO, concentration of the gas
streams (feed gas, clean gas and CO; output), respectively.

The ILs are recirculated until reaching steady-state (constant COy
concentration at the gas side outlet). All the experiments have been
carried out three times to obtain reproduced results. These results pro-
vided the average values for the set of three experiments, being the
experimental error within + 5 %.

2.2. Modelling approach

A rigorous model has been developed in detail in a previous work
based on a two-dimensional approach to characterizes the MVR system
explained in the previous Section 2.1. Experimental: Materials and
method. Characteristics of the HFMC considered in the system and
operation conditions are described in Table 1 and Table 3, respectively.
The model developed for CO, desorption using MVR technology and ILs,

Table 2
Abbreviation, name and chemical structure of the 2 ILs studied.
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has been validated in a previous work with the chemical absorbent IL
[emim][Ac]. In this work, the model developed is rearranged and vali-
dated with experimental results using the IL [emim][MS], which is a
physical absorbent of CO». The following assumptions have been made
based on the previous works [7] to find a balance between the experi-
mental prediction results and the model complexity: (i) steady-state and
isothermal conditions; (ii) a fully developed parabolic laminar velocity
profile is applied on the tube side; (iii) negligible axial dispersion on the
tube side; (iv) the [emim][MS] concentration is kept constant
throughout the process and (v) negligible pressure drop on the shell side.
The schematic diagram of the CO transport in the desorption of CO5 in
the membrane contactor using [emim][MS] is shown in Fig. 2.

The desorption model takes into account that the concentration of
CO4 in the liquid through the module is conditioned to the mass transfer
in the gas-liquid interface. The steady-state continuity equations for the
CO-,, with simultaneous diffusion within each fiber:

0Cco, *Cco, N 1 0Cco,
"\“or r or

@

where V, (m~s_1) is the liquid velocity in the axial direction; Cco,
(mol-m~3) is the physically dissolved CO, concentration in the liquid
side; and Dcoz_l(mz-s’l) is the CO,, diffusion coefficient in the liquid. The
boundary conditions used to solve the model are expressed as follows:

Cco, = Cco,0 for Z=0 )
oC
€ —0 forr=0 3)
dar
aC C;.
Deo, 3 % =kes | Ceop g = | for r=Ri )

E

where Cgo, o is the physically dissolved CO; concentration in the liquid
phase at initial time; Cgo,¢ is the gas phase CO, concentration
(mol-m~3); Czoz_l is liquid phase CO, concentration in the gas-liquid
interface; key (m-s™1) is the combination of the mass transfer coefficients
of CO5 in the membrane and in the gas phase; and the distribution factor
(m) is the relation between the CO, concentration in the ionic liquid and
the CO; concentration in the gas phase. This value can be expressed by
equation (5) [28] where p; is the molar density of the IL (mol-L™1);
and Hco, (MPa) is the Henry constant of CO2 in [emim][MS].
_ pRT

m= %)
Hco,

In this work, the enhancement factor (E), which quantifies how the
mass transfer is enhanced by the presence of a physico-chemical inter-
action between the CO5 and the IL, has been obtained from the literature
[29].

2.3. Components definition and properties

COSMO-based/Aspen Plus model is used to the CO, desorption
process using MVR technology and ILs. The pure IL and the CO-IL re-
action products are introduced into AP by the COSMOSAC property
method (in code 1) [30]. Two approaches have been followed to include

Abbreviations Name Formula Chemical structure
[emim][Ac] 1-ethyl-3-methylimidazolium acetate C7H14N204S A8 o]
SN\ )]\ o
\—/ 0]
[emim][MS] 1-ethyl-3-methylimidazolium methylsulfate CgH14N205

9 0
Al oy
~NX N,
N S
N —~ o//\
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Fig. 1. Experimental setup of the CO, absorption-desorption process with one absorption HFMC and one desorption HFMC for MVR. Gas flow (dashed lines), Liquid

flow (solid lines).

Table 3
Operating conditions of the absorption-desorption process based on the non-
dispersive gas-liquid HFMC contactors, laboratory scale.

Parameter/Property Value Unit
Volume, V 100 mL
Temperature, T 289-310 K

Feed Gas flow rate, Fy 60 mL-min~!
Liquid flow rate, F; 60 mL-min~!
Feed gas pressure, Py i, 1.03 bar
Liquid pressure, P, 1.31 bar
Vacuum pressure, Py 0.04-0.5 bar

the ILs studied in this work into the Aspen Plus v11 process simulator: (i)
the [emim][MS] is incorporated employed the ILUAM (C + A-EQ)
database since has been recently published with information available
for 100 common physical ILs [31]; and (ii) the [emim][Ac] and their
reaction products are introduced as pseudo-components into the simu-
lator along with all parameters needed to describe their CO, physical
and chemical interactions by following the multi-scale COSMO-based/
Aspen Plus methodology supported with experimental data and
described in detail in a previous work [32]. As summary, to define the
COSMOSAC property method for Aspen Plus simulations, quantum
chemical structure optimizations and COSMO-RS calculations of the
[emim][Ac] and their reaction products are executed. Moreover, to
describe the COy mass transfer kinetics, the experimental temperature
dependent ILs viscosity data, which is temperature dependent, is added
into the Aspen Properties [33]. Finally, to perform the chemical ab-
sorption of CO; in the selected IL [emim][Ac] using Aspen Plus, COy-IL
experimental absorption isotherms are successfully fitted to a thermo-
dynamic model in which the physical absorption is described by Henry’s
Law and the chemical equilibrium reaction considers the stoichiometry
of reaction depending on the IL (1:1 mechanism for AHA-ILs and 2:1
mechanism for [emim][Ac]) as explained elsewhere [34].

The gaseous components (CO; and N3) have been included in the
simulation as conventional compounds, and their parameters and
properties are loaded from Aspen Plus database and completed by the

thermophysical properties by following also the multi-scale COSMO-
based/Aspen Plus methodology. Table 4 includes the ILs physical and
chemical properties estimated by this COSMO-based/Aspen Plus
approach.

2.4. Process simulation

Coupled membrane technology and ILs have been studied in the
recent years in order to improve the overall COy capture system by
reducing the regeneration energy consumption of conventional high
temperature stripping, which consists of a large size column stripper or a
flash unit in adiabatic conditions where the CO; is desorbed from the IL
at low pressure (0.1 bar) and high temperatures (100 °C) [36]. Although
IL with physical absorption of CO5 has been proposed as a promising
alternative to chemical IL absorbents due to the potential to reduce the
energy consumption and increase the regeneration performance, most
simulation works on the CO5 capture with physical IL have been focused
on the CO4 absorption stage while very limited research are covered the
CO4, desorption process. This work is focused on the pseudo steady-state
solvent regeneration simulation using a HFMC module as shown in
Fig. 3, which is part of the non-dispersive absorption—desorption process
main flowsheet (Fig. 1). The COy desorption is designed as a MVR
technology and the performance is evaluated in Aspen Plus v11 using
the user model imported for the CO;, desorption with MVR technology
and IL [emim][Ac] proposed by our previous work [7], following the
Aspen Tech guideline and the multi-scale COSMO-based/Aspen Plus
methodology, which brings the possibility to import a user model from
Aspen Custom Modeler (ACM) to the simulation software Aspen Plus
[33]. The use of this custom model for the physical IL [emim][MS]
provided the capacity to compare both physical and chemical IL in terms
of desorption performance and CO5 desorbed flux at different opera-
tional conditions. For this purpose, several experiments at different
operational conditions have been carried out as (described in Section
2.1. Experimental: Materials and method) for model validation using
[emim][MS] as absorbent in a steady-state solvent regeneration unit
based on MVR technology.
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Fig. 2. Diagram of CO, MVR process in a hollow fiber membrane contactor (HFMC).

Table 4

Physical and chemical properties of selected IL estimated by COSMO-based/
Aspen Plus approach at 313 K and 1 bar: molar weight (MW), density (p), vis-
cosity (w), Henry (Ky) and reaction equilibrium (Keq) constant.

Ionic MwW p n Ky Keq Reference
liquid (g-mol 1) (kgm~>)  (mPas)  (Mpa)
[emim] 170.2 1137.6 42,6 10.6 89.67  [33]
[Ac]
[emim] 222.3 1265.8 449 6.5 - [35]
[Ms]

Both physical IL [emim][MS] and chemical IL [emim][Ac] evaluated
in this work as absorbents are compared using the polypropylene HFMC
(Table 1) in terms on solvent regeneration performance and COy des-
orbed flow. The parameters and operating conditions for the simulations
have been taken from the experimental set up conditions described in
Table 3. The liquid (H-RICHIL) stream composition is fully described by
two compounds (CO; absorbed into IL). This liquid stream, which is the
output of the absorption stage, is constantly pumped into the tube side of
(DES-01), where the CO> is desorbed from (H-RICHIL) to (H-CO20UT),
due to the pressure gradient created in the shell side of (DES-01) by the
vacuum applied, while the regenerated IL (H-LEANIL) is pumped again
to the absorption stage. The CO4 desorbed is compressed to 2 bar which
has been set for further CO, utilization [37]. Three key assumptions
have been considered in the simulation of the CO; regeneration stage: (i)
isothermal and steady-state conditions; (ii) constant IL concentration
and (iii) pressure drop on the membrane contactor negligible.

In this study, the CO, desorbed flux and CO2 desorption efficiency
are used to test the IL regeneration performance in HFMC based on MVR
technology. The CO, desorption efficiency can be calculated by the
equation:

rich — Ollean

Desorption eff. (%) = x 100 6)

rich

where ;¢ and ., are the CO, loading in the IL (m,:(l;l‘zz) before and

after, respectively, of one pass of IL through the HFMC.
The CO, desorbed flux (Gy, mol-s~'-m~2) is calculated as:

Gy = v,,,_A 7

where Fy is the CO; flowrate desorbed from the MVR module measured
on the vacuum pump output (L-s™1), v is the molar volume of CO
(L-molCO3 "}, STP conditions) and A is the specific membrane area m>?.

2.5. Energy consumption

The energy requirement for solvent regeneration with MVR tech-
nology has been estimated at different operational conditions (vacuum
pressure and temperature) using both chemical IL [emim][Ac] and
physical IL [emim][MS]. The energy consumption calculations carried
out in this section are key to solvent selection task, for comparing both
chemical and physical absorbents in the CO5 desorption stage specif-
ically, which is the main energy consuming process operation. Addi-
tionally, the energy requirement results play a fundamental role on the
techno-economic analysis of the MVR technology to reach a trade-off
between performance-energy cost and to compare with conventional
regeneration methods. In this case, the assumptions are taken into ac-
count based on literature [32]: (i) only the COy desorption stage as
described in Fig. 3 is addressed in energy requirements calculations
since it will be compared to the conventional desorption process; Gas-
powered blower and liquid pump are not considered; (ii) compression
process (COMP-01) is isentropic. The COy desorbed (H-CO20UT) is
compressed to 2 bar, which is considered a referenced value of output
pressure of CO, desorption process [38]. (iii) only reaction heat duty (for
chemical IL) and the extra work for the vacuum pump and the
compression unit are analyzed. The energy required for solvent evapo-
ration (latent heat, Qiuer:) has not been included since non-volatile IL is
used as absorbent. Moreover, considering the possibility of use waste
heat to increase the temperature of the IL up to 313 K (maximum tem-
perature in this work), the energy required for solvent heating (sensible
heat, Qsns) has not considered in calculations [33].

Because of the temperature required for MVR process is lower
compared to the thermal regeneration, it is more equitable to compare
energy consumption with regeneration heat duty by total equivalent
work [39]. Furthermore, to remove 1 kg of CO,, the total energy
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Fig. 3. Membrane vacuum regeneration process flowsheet (a), and its implementation in the in Aspen Plus simulation tool (b).

consumption in terms of work required (Er, MJ¢-kgCO2 1 is calculated
by equation (8) as the sum of the work needed for vacuum pump Wy,
vacuum pump cooling Wco,, compressor Weomp (MJe-s’l) and the
equivalent work of the reaction heat duty Wiegen (MJe-s’l) described in
equation (9). Here, qco, is the desorbed CO3 mass flowrate (kgCOz-s’l),
Qregen is the reaction heat duty, which is the total heat required for
reversing the reaction and releasing the COy from the chemical IL
(MJth~s’1) [40], and ¢ is the energy transfer efficiency from heat to
electric energy, which is assigned according literature available to 0.4
[41,42].

I/va + Wcomp + Wcool + Wr(-gm)

qco,

Er = ( ®

Wregen = EA-Qregens ©)

It may be noted that the total energy consumption is represented by
the “e” abbreviation because is based on the electrical energy (W;), while
thermal regeneration energy required is presented by the “th” abbrevi-
ation in view of the fact that is based heat energy (Q;). Furthermore, the
energy transfer efficiency (£) is used to convert the heat energy Qregen
(MJth-s’l) to electric energy Wiegen (MJe~s’1) in order to estimate the
total energy consumption Er (MJ.-kgCO31).

The regeneration energy Qrgen can be calculated by equation (10)
where AHco, (MJ¢-kmolCO3 1) is the enthalpy of the CO,-IL chemical
reaction collected from available literature [34]; and PM¢o, (kgCO; -
kmolCO31) is the CO5 molecular weight.

AHco, ,,
“qco,

regen — oxs 1
Qrsen = g (10)

The work required for the vacuum pump (W,,) is calculated by
equation (11) [8], while the performance is described according to

equation (12) [11].

(x=1)
RTZ P 7
w,, = Gy K ( VP,aul) 1 an
(k= Dnyp | \ Pvpn
PVP.om
Myp =0.1058/n{ —— ) +0.8746, (12)
PVP.in

Here, Pyp;, (bar) is the shell side vacuum pressure (permeate); Pyp oy
(bar) is the atmospheric pressure; Gy is the molar flowrate of the des-
orbed COgy; k is the adiabatic constant; and Z is compression stage
number. The work for cooling the vacuum pump (W), which relies on
the equations (11) and (12), is described by equation (13):

Weoor = 0.05417,, Wyp 13)

The compressor work requirement (Wc,n,) is estimated by a pressure
rise simulation (from 1 to 2 bar) in the (H-CO20UT) using the isentropic
compressor model from Aspen Plus software (P-02).

The energy consumption terms for the proposed MVR technology
have been analyzed in detail as a substitute to conventional packed
columns under an industrial framework in our previous work [33]. It is
estimated up to a 30 % reduction of the solvent regeneration by MVR
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technology compared to the typical thermal desorption process in large
scale applications.

In this work, the energy consumption of the CO, desorption based on
MVR technology is compared in terms of chemical or physical in-
teractions between ILs and COs. The results provided in the next section,
allows to identify possible advantages of ILs according to their nature in
the CO; capture system, attending to the CO, desorption stage, which is
the most energy intensive operation.

3. Results and discussion

This section explains in detail the results related to the MVR model
validation based on the experimental results. Moreover, a rigorous
parametric evaluation has been developed to study the process perfor-
mance and the energy requirement in the cases of different operation
parameters and ILs.

3.1. Absorption properties and model validation

The imidazolium ILs [emim][Ac] and [emim][MS] have been eval-
uated in this work for CO5 regeneration process as chemical and physical
CO, absorbents, respectively. As described in Table 4 previously,
COSMO-based/Aspen Plus methodology has been applied for pure IL
and IL-CO2 mixture properties estimation. These estimated thermody-
namic and kinetic properties supplied the Aspen Plus simulation
framework of the IL capacity for CO5. The parameters calculation and
validation procedures for the chemical IL [emim][Ac] using COSMO-
based/Aspen Plus methodology has been detailed in our previous
work [33] while property estimation for physical IL [emim][MS] has
been reported by Ferro et al. [35].

The equilibrium isotherms of the [emim][Ac]-CO, and [emim]
[MS]-CO; interactions have been reported by Shifflet et al. [43] and Yim
et al. [44], respectively. According to its isotherms, the IL [emim][Ac]
shows better absorption capacity than [emim][MS], particularly at low
CO,, partial pressures, which is where the post-combustion CO; capture
system operate. The IL [emim][MS] is a suitable absorbent for this
system at higher partial pressures based mainly in two statements: (i) its
good absorbent parameters (low viscosity and volatility); and (ii) its
behavior as a physical COy absorbent, which potentially can be
completely regenerated.

The custom model (described in depth in section 2.2. Modelling
approach) has been validated for [emim][MS] by comparison between
simulated and experimental results of regeneration performance
described by equation (6) at different operation conditions of vacuum
pressures and temperatures. The experimental setup is described in
Section 2.1. Experimental: Materials and method, and the main membrane
characteristics and the process conditions have been adopted from
Table 1 and Table 3, respectively. In this sense, Table 5 shows the in-
fluence of the operating parameters on the desorption efficiency and the
values of the standard deviation of the model, calculated by the
following equation:

__ |experimental — model],

deviation(%) = experimental *100 a4

In addition, in order to provide a graphical representation of the
overall standard deviation of the model, Fig. 4 shows the process per-
formance results at different operating conditions estimated and calcu-
lated experimentally using the IL [emim][Ac] and IL [emim][MS].

The circle dots represent the desorption efficiencies using the IL
[emim][MS] and the triangle dots represent the corresponding to the IL
[emim][Ac]. The relative standard deviations between simulation re-
sults and experimental data points are in the range of + 15 %. Taking
into account these results, the model assumptions (listed in Section 2.2.
Modelling approach) have been validated for both ILs based on the
agreement between modeled and experimental results. Considering that
the model has been validated, it is further used in the simulation tool AP
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Table 5
Influence of operating parameters (vacuum pressure and temperature) on
desorption efficiency and standard deviation of estimated values.

[emim][Ac]; Desorption efficiency (%)

Pv (bar) T (K) Experimental Simulated Deviation (%)
0.50 289 2.3 2.5 -8.7
0.50 313 10.6 11.1 —-4.7
0.20 289 60.7 60.7 0.0
0.20 313 77.8 76.4 1.8
0.04 289 91.4 86.6 5.2
0.04 313 93.8 87.5 6.7
[emim] [MS]; Desorption efficiency (%)
Pv (bar) T (K) Experimental Simulated Deviation (%)
0.20 289 13.8 13.9 -0.8
0.20 313 16.1 16.1 —0.1
0.10 289 47.0 45.7 2.7
0.10 313 54.8 52.9 3.4
0.04 289 76.8 65.6 14.5
0.04 313 86.9 75.0 13.7
100
A
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Fig. 4. CO; desorption model validation by comparison of the experimental
and estimated desorption performance using both chemical IL [emim][Ac] and
physical IL [emim][MS].

to study the effect of operational parameters and IL nature in the CO,
desorption performance by using both physical and chemical ILs.

3.2. Parametric study

The capacity of the COSMO-RS calculations to estimate both chem-
ical ILs [25,32] and physical ILs [45] properties for certain anion/cat-
ions sets and the CO, regeneration 2D-model validation using the
studied IL ([emim][Ac] and [emim][MS]) have been investigated. Ac-
cording to literature, the chemical IL [emim][Ac] seems to be better
solvent than physical IL [emim][MS] for post-combustion CO, capture
system if only CO3 solubility results have been analyzed since chemical
reaction promotes the absorption of CO; into the IL at low partial
pressures [44]. However, the process performance not only depends on
the chemical and/or physical interactions between IL and CO,, but also
the mass transfer coefficients, the operation conditions (vacuum pres-
sure, temperature, solvent flow rate and module length) and the main
characteristics of the membrane contactor such as fluid dynamics and
membrane geometry [46].

The next part of this work debates the simulation results (CO,
desorption efficiency and CO4 desorbed flux) with both chemical and
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physical ILs at different operation conditions of the IL desorption stage
using the COSMO-based/Aspen Plus methodology as shown in Fig. 3.
This simulation approach may be applied to further studies of solvent
selection in terms of cost and process performance.

The base case scenario in terms of process parameters has been
selected according to the highest efficiency calculated for the CO,
regeneration process (reported on Table 5) by using one HFMC (module
parameters described in Table 1) and both ILs chosen. In this sense, the
temperature of solvent and the process vacuum pressure has been
defined as 313 K and 0.04 bar, respectively.

The results when varying the operation vacuum pressure have been
analyzed in Fig. 5. Lower CO; partial pressure (higher vacuum applied)
on the permeate side of the HFMC, promotes the CO, mass transfer
driving force through the membrane, which increases the desorption
performance as a result of the higher CO5 desorbed rate. However, to
avoid wetting phenomena, it is recommended to keep the permeate side
vacuum pressure higher than 0.035 bar. Furthermore, only chemical
[emim][Ac] is able to reach a target of 90 % desorption performance for
this MVR system using one membrane contactor (HFMC characteristics
described in Table 1). Two main points could be remarked from the
results shown in Fig. 5: (i) Chemical IL [emim][Ac] is less sensitive to
vacuum pressure conditions (lower slope), which could be explained by
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Fig. 5. Desorption efficiency (a) and CO, desorbed flux (b) by using 2 ILs at

different vacuum pressure. Commercial HFMC process parameters: temperature

313 K, liquid flowrate 60 ml-min~'.
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the fact that chemical IL requires more energy to break the CO,-IL
chemical bond; (ii) Physical [emim][MS] needed CO, partial pressures
lower than 0.2 bar to desorb CO at this operating temperature. This
could be explained due to the lower CO; loading capacity of physical ILs
that decreased the CO, driving force through the membrane resulted in
higher vacuum level required. Moreover, Physical IL [emim][MS]
required the application of high vacuum to reach the same desorption
efficiency than that with chemical IL [emim][Ac], which increased the
energy consumption for both units operation, the vacuum pump and
compressor, and thus the overall cost of the desorption system based on
MVR technology [33]. The energy consumption evaluation at different
values of liquid temperature and CO; desorption vacuum pressure will
be discussed in Section 3.3. CO» desorption: Energy consumption.

The influence of liquid absorbent temperature on CO2 regeneration
performance is described in Fig. 6. The MVR efficiency increases with
greater solvent temperature until a constant desorption performance is
reached. This behavior in both ILs studied could be explained by the
lower viscosity (u) at higher temperatures, which enhance the diffusion
of CO; into the IL since the mass transfer coefficient is mainly governed
by liquid phase mass transfer resistance. Physical IL [emim][MS] shows
lower CO;, desorption performance and CO, desorbed flux at the range of
temperatures simulated (273-373 K), which is mainly explained due to
lower CO; capacity of the physical IL that leads to lower CO5 driving
force through the membrane. Since the maximum desorption perfor-
mance simulated is 97 % for chemical IL [emim][Ac] and 83 % for
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Fig. 6. Desorption efficiency (a) and CO, desorbed flux (b) by using 2 ILs at

different temperatures. Commercial HFMC process parameters: vacuum pres-

sure 0.04 bar, liquid flowrate 60 ml-min~'.
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physical IL [emim][MS], the desorption process efficiency target of 90 %
is achieved only by [emim][Ac] at 307 K, while a more moderate
desorption (75 % as reference) is obtained by [emim][MS]. Although
simulation results have been evaluated in a wide range of temperatures,
temperatures higher than 313 K may require more resistant HFMC
membrane materials due to thermal and chemical constraints of the
commercial polypropylene HFMC used in our work.

The influence on the desorption performance of COs-rich IL mole-
flow is shown in Fig. 7. Lower liquid mole-flow increased the CO,
desorption efficiency, due to the increase of the residence time across
the membrane contactor fibers, which increase the capability of the CO,
to be desorbed from the CO,-rich IL. The same trend in CO3 desorption
efficiency at different IL mole-flow is described in both chemical and
physical ILs. However, the mole-flow decrease of the CO2-rich IL leads to
a lower CO; desorbed mole-flow (around one order of magnitude) and
higher equipment size required, which increase the total capital cost of
the overall capture system. Taking into account these effects, the
optimal liquid flow rates should be estimated by searching a trade-off
between the desorption process performance, the CO, desorbed mole-
flow and the overall process cost.

Finally, considering a multi-HFMC approach, the CO2 desorption
performance has been analyzed in Fig. 8 by the increase of the contact
area (increasing the number of HFMC operated in series) at the same
process conditions with both ILs. The estimated number of contactors
required to reach the maximum desorption performances with both ILs
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Fig. 7. Desorption efficiency (a) and CO, desorbed flux (b) by using 2 ILs at
different CO5-rich IL mole-flow. Commercial HFMC process parameters: tem-
perature 313 K, vacuum pressure 0.04 bar.
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Fig. 8. Desorption efficiency (a) and CO, desorbed flux (b) by using 2 ILs at
different CO5-rich IL mole-flow. Commercial HFMC process parameters: tem-
perature 313 K, vacuum pressure 0.04 bar.

(97 % for chemical IL [emim][Ac] and 83 % for physical IL [emim]
[MS]), are two and three HFMC, respectively. However, if the process
efficiency target is 90 %, the chemical IL [emim][Ac] needed only 1
module while physical IL [emim][MS] could not reach that value at the
operational conditions studied in this work.

Summarizing, the chemical IL [emim][Ac] shows better CO, regen-
eration performance and higher CO, desorbed flux than the physical IL
[emim][MS] at different vacuum pressures, liquid temperature, liquid
flowrate and module length. This could be explained mainly due to the
larger capability of CO, to be absorbed into chemical IL by chemisorp-
tion, which increases the CO; driving force through the membrane in the
CO4, regeneration system based on MVR technology.

However, the total energy consumption of MVR system (ET,
MJe‘kgCOZ’l) with chemical ILs such as [emim][Ac] may be expected
to be higher than physical ILs such as [emim][MS] due to the extra
energy required to reverse the CO,-IL chemical reaction as previously
reported [29,47]. At this point, the energy consumption analysis is
important to contribute to the better IL selection for the CO5 Capture
system. For this purpose, the CO2 regeneration energy consumption
using MVR technology with both chemical and physical ILs is evaluated
in the following section.
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3.3. COg desorption: Energy consumption

As considered in Section 2.5 Energy consumption, the total energy
required for the desorption stage based on MVR technology (Er,
MJe-kgCOz ') has been calculated from the aggregate of the work
required for the correct operation of the three process units (the vacuum
pump, W,p; the vacuum pump cooling, Wc.; and the compressor,
Weomp), and the equivalent regeneration work (Wregen), for the case in
which the CO,-IL chemical reaction occurs. Fig. 9 shows the required
work contribution using two ILs with different nature in terms of COy
absorption, the chemical IL [emim][Ac] and the physical IL [emim]
[MS]). For the calculations, four representative operating conditions of
vacuum pressure (0.04 and 0.22 bar) and temperature (289 and 313 K)
have been evaluated. The process parameters set for this energy analysis
are: the liquid flow rate of 60 ml-min~!; and the module length of
0.115 m (corresponding to a commercial module, described in Section
2.1. Experimental: Materials and method).

The influence of temperature on total energy consumption is found
to be negligible. This could be explained due to the fact that higher
liquid temperature increases the desorbed CO, mass flow rate qco,,
nearly in proportion to the increase in total work required Wr, due to the
increase in temperature. Therefore, the energy consumption of the MVR
technology depends mainly on the applied vacuum pressure. On the one
hand, W,, increases by 36 % and 41 % for the [emim][Ac] and [emim]
[MS], respectively, as a consequence of a pressure reduction on the
casing side from 0.22 to 0.04 bar. On the other hand, W o, and Wi, are
proportional to the desorbed CO, molar flux (G,p).

In this sense, since the increase in W), with increasing vacuum level
is greater than the increase in molar flux across the membrane G,,, the
contribution of Weomp and Wi, decreases markedly for low vacuum
pressures.

For [emim][Ac], the contributions of Wyee, and Wom, decrease by
16 % and 3 %, by reducing the vacuum pressure from 0.22 bar to
0.04 bar respectively. In turn, for [emim][MS], the contribution of
Wcomp is reduced by 14 %, as a consequence of the same decrease in
vacuum pressure.

Table 6 shows the total work required (Wr) for the MVR technology
using both ILs ([emim][Ac], [emim][MS]) at four representative oper-
ation conditions of vacuum pressure and temperature. The total work of
the CO4 desorption process increased with higher vacuum level applied

4 )

0.22 bar; 289 K 0.22 bar; 313 K
[emim][Ac] [emim][MS] [emim][Ac] [emim][MS]
2%
2%
W, (W 68%
12% 4 . M/regen(w) 1%
0.04 bar; 289 K W Voo (W) 0.04 bar; 313 K
[emim][Ac] [emim][MS] B o, ) [emim][Ac] [emim][MS]
2% \ y, 2%
16% 16%
46% O
(]
82% 82%
1% 9% 1% 9%
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Table 6

Total electric work required (W or Jes™ 1) at different vacuum levels and

temperatures.
Py(bar) 0.04 0.22 0.04 0.22
T(K) 313 313 289 289
[emim] [Ac]
4co,(kg'h ™!, values 10 0.08 0.06 0.07 0.05
desorption efficiency(%) 91.44 75.12 78.97 64.88
Work required terms

(W, values 10°%)
Wyp(W) 6.39 2.30 5.10 1.83
Weom (W) 1.25 1.03 1.00 0.82
Weoot (W) 0.18 0.06 0.14 0.05
Wieen (W) 6.12 5.03 5.29 4.34
Wr(W) 14.00 8.42 11.50 7.05
[emim] [MS]
4co, (kg~h’1, values 1077) 0.60 0.06 0.52 0.05
Desorption eff.(%) 74.97 7.67 65.62 6.71
Work required terms
(W, values 10~7)

Wyp(W) 47.8 2.14 38.6 1.73
Weom (W) 9.37 0.96 7.57 0.77
Weoot (W) 1.38 0.06 1.11 0.05
Wregen (W) - - - _
Wr(W) 58.55 3.16 47.28 2.55

and higher solvent temperature for both ILs studied in this work (from
7.05E to 06 W to 1.40E-05 W using the chemical IL [emim][Ac] and
from 2.55E to 07 W to 5.86E-06 W using physical IL [emim][MS]).
Moreover, lower work is required at same condition of vacuum pressure
and temperature by using physical IL, mainly due to the absence
chemical reaction, wich requires an aditional work (Wregn) to desord the
CO4, from the IL. Consequently, regarding the energy consumption, the
use of physical IL such as [emim][MS], room temperature and low
vacuum level operation should be applied. However, CO, desorption
performance must be account. For example, for the purpose of obtain a
desorption performance equal or higher than 90 % by MVR technology
using one membrane contactor, only the chemical IL [emim][Ac] meets
the performance requirements by operating the CO, desorption process
at 0.04 bar of vacuum pressure and 313 K.

In addition, the total energy consumption Er, defined as the energy

4 )

Fig. 9. Contribution (%) to the total CO5 desorption energy consumption at different operating conditions, of the work needed for the vacuum pump (Wvp), the
compressor (Wcom), the vacuum pump cooling (Wcool) and the regeneration heat in terms of equivalent work (Wregen).
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required (MJe) to desorb 1 kg CO, in the IL regeneration process
(MJe-kgCO4 1), has been evaluated for the two ILs studied in this section.
In this regard, Fig. 10 shows the total energy consumption Er, the
contribution of the individual energies (Evp, Ecoot, Ecom, Eregen) and the
process efficiency for a range of vacuum pressures and temperature of
313 K. From these calculations, the total energy consumption for
physical IL [emim][MS] is approximately half of that for chemical IL
[emim][Ac] at same vacuum pressure operation, with the compromise
of the desorption efficiency.

From these energy calculations, a moderate target of efficiency has
been set in order to compare the energy consumption of the desorption
process with each of the ILs. In this sense, the efficiency of 75 % has been
set as it corresponds to the maximum process efficiency obtained with
the IL [emim][MS]. For this moderate target efficiency, the total energy
consumption is 0.46 and 0.34 MJ.-kgCO3 1, for the [emim][Ac] and
[emim][MS] respectively.

As a general conclusion, physical ILs could be considered as a
promising sorbent for post-combustion capture in terms of energy effi-
ciency. However, further investigation is needed in order to find new
physical ILs to improve the performance of the desorption process. On
the other hand, chemical ILs with moderate viscosities such as [emim]
[Ac] provide adequate desorption efficiency to be substitutes for con-
ventional amine-based adsorbents. Moreover, taking into account the
continous adsorption-desorption process, the extra work required for
the regeneration of the liquid (Wyegen) could be compensated by the heat
generated in the absorption stage, if the same temperature conditions
are maintained. In this scenario, a total energy consumption of 0.18
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MJ.-kgCO3 1 is calculated for the [emim] [Ac], while the energy con-
sumption of the IL [emim][MS] is kept at 0.34 MJ.-kgCO2 1 due to the
lack of chemical reaction.

4. Conclusions

The present work contributes to the analysis of the carbon dioxide
desorption (based on MVR) in the non-dispersive CO, capture and uti-
lization scheme with ILs. Two ILs based on different CO, absorption
natures, on the one hand, chemical IL [emim][Ac] and on the other
hand, the physical [emim][MS], have been studied in terms of process
performance and regeneration energy consumption, which is the most
energy-intensive stage of the overall CO; capture system.

A COSMO-based/Aspen Plus methodology has been performed to
carry out the simulations of the CO, regeneration stage at different
operational conditions. A 2D-mathematical model designed in prior
research for the chemical IL [emim][Ac] has been experimentally vali-
dated for the physical IL [emim][MS] and exported/integrated from
Aspen Custom Modeller (ACM) into the Aspen Plus (AP) simulation
software with the COSMO SAC Property Model since there is no HFMC
unit in the Aspen Plus model library.

The influence on the CO, desorption efficiency and CO, desorbed
flux of several operation conditions has been carefully analyzed to
advance the knowledge of the process. In general, high permeate vac-
uum level, solvent temperature and fiber length are favorable to the
MVR performance while high liquid flow rate increases the CO, des-
orbed flux but also reduce the efficiency of the regeneration process. In
particular, the chemical IL [emim][Ac] shows better CO5 desorption
performance and higher CO, desorbed flux than physical IL [emim][MS]
at all operation conditions studied. The maximum CO; desorption effi-
ciencies achieved in this work have been 97 % and 83 % for chemical IL
[emim][Ac] and physical IL [emim][MS], respectively. Both perfor-
mance at 0.04 bar vacuum pressure, 313 K temperature, 60 ml-min~?
liquid flowrate and using module-in-series configurations.

Additionally, the energy required by MVR technology to desorb 1
KgCO, from the CO,-rich IL has been analyzed at several process con-
ditions of permeate vacuum pressure and solvent temperature. The total
energy consumption for physical IL [emim][MS] to reach the maximum
CO3 desorption efficiency (83 %) is about 0.34 MJ.-kgCO3 1 which is
lower to that used chemical IL [emim][Ac] to reach the same regener-
ation performance (0.52 MJ.kgCO31). For a set process efficiency of
75 %, a value that can be considered admissible and competitive with
the traditional process, the total energy consumption for the ionic lig-
uids [emim][Ac] and [emim][MS] is 0.46 and 0.34 MJ-kgCO ’1,
respectively. However, if process efficiencies higher than 90 % are
required, only [emim][Ac] will be suitable. In this sense, it is necessary
to find a balance between energy consumption and vacuum desorption
performance. Compared with the energy consumption calculated for the
conventional regeneration process using amine-based sorbents (1.55
MJe-kgCO2 ~1), the results showed in this work for both ILs are prom-
ising in terms of energy efficiency, reducing the energy consumption by
more than 1 MJ.-kgCO, -1

This work provides a validated guideline for CO5 desorption simu-
lations based in MVR technology using both chemical and physical ILs.
The process simulation could bring important improvement in the area
of solvent selection for COy capture by screening IL performances
without extensive experimental work, because of the majority of the ILs
are designed and synthesized with complex experimental techniques on
laboratory scale, resulting on higher cost in comparison with conven-
tional solvents. From the viewpoint of industrialization, couple mem-
brane technology and IL-based process have been addressed as process
intensification technology for CO2 capture. However, more related
simulation studies of the continuous absorption-desorption CO, capture
system are absolutely essential in the future to push industrial innova-
tion and achieve commercial feasibility of membrane technology and ILs
as absorbents. For this purpose, the application of the COSMO-based/
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Aspen Plus methodology for simulation of the continuous absorp-
tion—desorption CO; capture system with all ILs possible is under study
in order to evaluate the performances of CO, capture process under
more realistic process parameters, such as different pressures, temper-
atures, chemical environments, impurity gases, humidity and mixed-gas
feeds. The tool presented here helps in the decision-making to bring the
ionic liquids to be implemented in higher technologies readiness levels
and consequently be closer to the market.
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