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A B S T R A C T   

Direct air capture is a key carbon dioxide removal technology to mitigate climate change and keep the global 
average temperature rise below 1.5–2 ◦C. This work addresses for the first time the use of ionic liquids for direct 
air capture connecting their material design by molecular simulation to process modelling. First, 26 different 
ionic liquids were designed through quantum chemical calculations and their isotherms were computed to 
identify those with a positive cyclic working capacity at conditions relevant for direct air capture. Then, the most 
promising ionic liquids were assessed via process simulations in Aspen Plus. A wide range of operating config
urations were screened by modifying the key process variables: air velocity (1 – 3 m/s), solvent mass flow (5 – 50 
t/h) and temperature (293 – 323 K), and regeneration pressure (0.1 – 1 bar) and temperature (373 – 393 K). 
Exergy, energy and productivity were computed to detect optimal operating conditions; moreover, a simplified 
economic analysis was carried out to highlight the major cost components. The direct air capture system based 
on [P66614][Im] exhibited the most exergy (5.44 – 16.73 MJ/kg) and energy (15.15 – 35.42 MJ/kg) efficiency for 
similar productivity (0.5 – 1.3 kg/(m3⋅h)) thanks to its enhanced cyclic capacity (0.6 – 0.3 mol/kg). The mini
mum exergy required by [P66614][Im]-based DAC process is slightly better than alkali scrubbing (6.21 MJ/kg) 
and in line with amine (5.59 MJ/kg) scrubbing. In addition, the assessed DAC process has a theoretical potential 
to operate in the range of 200 $/tCO2 under reasonable energy and plant expenses. We conclude this work 
providing guidelines to address future development of direct air capture technologies based on ionic liquids.   

1. Introduction 

Direct air capture (DAC) is a key technology to enable large scale 
carbon dioxide (CO2) removal (CDR) from the atmosphere, and there
fore increase the chances for a 1.5/2 ◦C increment in the global average 
temperature [1,2]. DAC extracts CO2 from ambient air, and one of its 
major benefits is that it decouples the CO2 emission point from the 
capture location, thus enabling to tackle the emissions from distributed 
sources [2,3]. Moreover, it can provide CO2 as carbon source that does 
not come from fossil sources. Although DAC is a relatively new process 
that is in the early stages of development and commercialization, it is 
attracting significant attention from academics and start-up companies, 
thus rapidly moving from the laboratory to pilot-scale demonstration 
and first-of-a-kind plant operation [3,4]. Some evidences are the 
increasing number of publications [3], and DAC facilities operating 

worldwide [5,6], and the committed/assigned funding for DAC devel
opment and deployment from public and private institutions [6,7]. In 
fact, the growing momentum behind DAC shall continue in future, as it is 
estimated that DAC has to be deployed at Gton scale by 2050 to meet the 
Paris Agreement goals [8,9]. While DAC will inevitably stay as an 
expensive technological solution – Physics teaches us so – the inherent 
technology modularity opens door for substantial cost reduction when 
deployed at scale, especially compared to the current cost range [6,10]. 
Large scale implementation could realistically decrease the CO2 capture 
costs below 200 $/tCO2 but reaching the DOE target of 100 $/tonCO2 will 
be very challenging [6,8,10,11]. From this perspective, process inten
sification will be key to realize any substantial cost reduction. 

An established approach to remove CO2 from air at industrial scale 
makes use of scrubbing via aqueous alkali hydroxide, typically sodium 
or potassium hydroxide, which reacts with CO2 to produce a carbonate 
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soluble in water [3]. This technique has evolved into a benchmark for 
DAC, as the Canadian-based DAC company Carbon Engineering 
designed a tailor-made air contactor for using a potassium hydroxide 
(KOH) solution to ensure an efficient air contact with the solvent 
[12,13]. Given that large volumes of air must be processed to extract a 
relevant amount of CO2, the mass transfer resistance between air and the 
solvent solution must be minimized. Plans exist for the construction of a 
one MtCO2/year DAC facility using this process solution [14]. An early 
techno-economic analysis of the plant revealed a preliminary levelized 
cost per ton of CO2 captured from 94 to 232 $/tCO2 for this technology 
[14] yet these numbers are not independent and are not supported by 
the full scientific community [15]. More importantly, the major draw
backs related to the caustic recovery of the alkali hydroxide and the high 
temperature regeneration have not been resolved yet [16]. 

Alternative absorption-based DAC processes have been proposed. 
The use of aqueous solution of amino acids to remove CO2 from ambient 
air was addressed [17], but it did not overcome the high energy demand 
of alkali scrubbing owing to the lower cyclic capacity of amino acid 
solvents [18]. Recently, the well-known amine scrubbing using mono
ethanolamine (MEA) was assessed as an alternative for DAC. Experi
mentally, aqueous MEA solutions exhibited high capture rate during a 
24-hour screening of amine-based solvents for DAC [19]. Its removal 
efficiency can be further improved by other amines, as isophorone 
diamine (IPDA), thanks to a liquid–solid phase separation that over
comes the gas–liquid equilibrium limitations [20]. Regarding process 
simulation and economic evaluation, the conventional MEA-based ab
sorption process was adapted for CO2 removal from the atmosphere 
[21]. Moreover, the optimal air contactor unit from Carbon Engineering 
could potentially reduce the cost of the absorber [21], opening doors for 
total costs in the range of 200 $/tCO2 [22]. On the other side, amine 
scrubbing still features an energy-intensive desorption, besides degra
dation and corrosion issues [21,23]. As a promising, alternative process 
route, the DAC scientific community as well as established DAC com
panies, (e.g., Climeworks, Global Thermostat, Carbon Capture Inc.) 
adopted the immobilization of amines on solid supports [24–26]. This 
route is currently offered commercially by several start-ups [4,5,26]. 
Life cycle assessments of the existing Hinwil plant operated by Clime
works, for which a cost of 600 $/tCO2 was informed [5,11,21], revealed 
that substantial amount of negative CO2 emissions can be achieved 
[27–29]. Metal-organic frameworks (MOFs) are another class of 
advanced solid materials that has been tested for DAC purposes. In fact, 
particularly positive energy results were achieved for MIL-101(cr)-PEI- 
800 and mmen-Mg2(dobpdc) [30]. Very low total costs (46 – 91 
$/tCO2) were also theoretically computed for similar sorbents [31]. 

In the quest for new materials to improve DAC technologies [5], ionic 
liquids (ILs) have hardly be considered as promising candidates 
[32–34]. ILs exhibit good performance in CO2 capture, mainly because 
of the good stability, the low volatility, and the large possible designs, 
besides both high CO2 solubility and selectivity [35]. ILs capable of 
reacting with CO2 to chemically absorb it are the most promising for CO2 
capture nowadays [36]. In this sense, a 1:1 reaction mechanism was 
demonstrated to be essential to achieve a high absorption potential and 
analyzed in detail in relevant investigations [37–39]. With respect to 
DAC, the first IL-based examples for this purpose were developed on a 
laboratory scale; this used solid polymeric ILs [32] and ILs derived from 
waste amino acids [33]. In the former, a 1:2 CO2:IL molar capture ratio 
was achieved, showing that ILs could be adapted and designed to cap
ture CO2 from ambient air. Similarly, literature reviews highlight the 
challenges to address for the application of ILs as DAC alternative: 
chemisorption of CO2 is likely mandatory, energy efficiency depends on 
the optimum balance between CO2 uptake capacity and reaction 
enthalpy, and high thermal stability -to enable the cyclic absorption/ 
desorption process- and low viscosity -to avoid severe absorption ki
netics problems as demonstrated on conventional post-combustion 
capture- are required [34]. In this context, Aprotic N-Heterocyclic 
Anion-based ionic liquids (AHA-ILs) are promising candidates for DAC 

application due to their high thermal stability, 1:1 reaction stoichiom
etry, tunable molecular structure, which can be conveniently modified 
to match the enthalpy of reaction, and relatively low viscosity, which 
does not increase after reacting with CO2 [38,39]. Moreover, they 
exhibited promising results on post-combustion capture over other ILs 
families [40–43], and their absorption capacity would not be adversely 
affected by the water present in the ambient air [44]. However, detailed 
process studies have not been performed yet to evaluate the feasibility of 
using AHA-ILs for direct air capture. 

With this work, we aim at addressing this research gap by carrying 
out a detailed process evaluation and optimization of DAC processes 
based on ILs. We do this by bridging molecular design of new ILs to their 
process performance evaluation for DAC application. First, 26 different 
AHA-ILs were designed by DFT/COSMO-RS method [45,46]. Their CO2 
isotherms were predicted, and used to estimate the cyclic working ca
pacity, thus identifying the suitable ILs for DAC. Next, advanced rate- 
based process modeling in Aspen Plus was used to evaluate the 
selected ILs in terms of productivity and exergy (and energy) demand. 
To this end, we adopted the design of the absorption unit based on 
Carbon Engineering air contactor [22]. Multiple configurations were 
tested by changing air velocity (1 – 3 m/s), IL mass flow (5 – 50 t/h) and 
temperature (293 – 323 K), and desorption pressure (0.1 – 1 bar) and 
temperature (373 – 393 K). In total, a few thousand cases were simu
lated. The combination of optimal minimum-exergy and maximum- 
productivity operational points were identified and represented in Par
eto fronts. The impact of the IL viscosity on the results, which is noto
riously the main issue associated to ILs, was studied. Finally, the exergy 
and productivity results provided the required input for a simplified cost 
model aimed at detecting the main contributions to the total cost. 
Representative ranges of air contactor cost (2,000 – 50,000 $/m3), heat 
price (0.01 – 0.1 $/kWh) and electricity price (0.01 – 0.1 $/kWh) were 
considered in the economic analysis [22]. ILs-based DAC systems were 
benchmarked to current DAC processes reported in open literature, 
drawing guidelines for future developments. 

2. Molecular and process simulation methodology 

2.1. CO2-IL isotherms and cyclic capacity estimation 

The CO2 absorption isotherm in AHA-ILs was described by a ther
modynamic model successfully applied in previous works (Eq. (1). It 
combines both chemical and physical chemical absorption using a 
chemical equilibrium constant together with Henry’s Law [43,45,46]. 
This allows to compute the molar ratio of CO2 absorbed per mol of IL, z: 

z =
PCO2

KH − PCO2

+
Keq⋅PCO2 ⋅C

KH + Keq⋅PCO2

(1)  

where PCO2 is the CO2 partial pressure in bar, KH is the CO2 Henry’s law 
constant in the IL in bar, Keq is the reaction equilibrium constant and C is 
an empirical ratio representing the IL available to react with the CO2 
molecule whose value is fixed to 0.9 as reported in AHA-ILs literature 
[45–47]. 

On the one hand, the CO2 chemical absorption was represented by a 
1:1 reversible reaction (IL + CO2⇌ PROD) in which CO2 binds to a 
heterocyclic nitrogen of the anion to generate the reaction product 
(PROD) as also discussed elsewhere [45,46]. Thereby, only the anion 
was considered in the 1:1 reaction mechanism, since all proposed ILs are 
based on trihexyltetradecylphosphonium ([P66614]) cation [45]. The 
chemical absorption equilibrium constant (Keq) was calculated at 
different temperatures by Van’t Hoff equation (Eq. (2)) and imple
mented into Aspen Plus equilibrium reaction using the temperature 
dependence parameters of its Arrhenius relationship (Eq. (3)). 

ln Keq =
ΔSR

R
−

ΔHR

RT
(2) 
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ln Keq = A1 +
B1

T
(3) 

For this purpose, the molecular geometries of the 26 AHA-ILs and the 
reaction products were optimized by Turbomole 7.4 software using the 
B3-LYP DFT-functional paired with def2-TZVP basis set, DFT-D3 
dispersion term and COSMO solvation effect to later calculate the re
action enthalpy (ΔHR), Gibbs free energy (ΔGR) and entropy (ΔSR) 
through vibrational frequency calculations. The partition function at 
298 K and a scaling factor of 0.95 were counted when estimating ΔHR, 
ΔGR and ΔSR of the molecules. The thermochemical data for the re
actions were determined as the difference between the sum of the con
tributions of the products and the reactants as described in 
aforementioned literature [45,46]. 

On the other hand, the CO2 physical absorption was described by 
Henry’s Law. KH of CO2 in AHA-ILs can be obtained from COSMO-RS 
calculations at different temperatures and included into Aspen Proper
ties using the same Arrhenius equation (Eq. (4) and following the pro
cedure described in detail elsewhere [43,45,46]. 

ln KH = A2 +
B2

T
(4) 

An experimental correction factor of 0.73, which was derived from 
comparison of COSMO-RS to experimental literature data of CO2 KH 
values in ILs, was applied to the predicted values that were later 
incorporated into Aspen Plus Henry’s Law definition. A detailed expla
nation of this isotherm prediction method can be found in preceding 
works [45,46]. Both equilibrium and Henry’s Law constants of the 26 
molecular-designed ILs are collected in Table S1 of Supplementary 
Material. The estimated CO2 absorption isotherms at 293 and 373 K can 
be found in Figure S1 of Supplementary Material. Moreover, these 
predicted CO2-IL absorption isotherms allowed calculating the cyclic 
working capacity of the molecular-designed AHA-ILs, which is the dif
ference between the equilibrium CO2 loading at absorption and at 
desorption conditions, required to analyze which ILs match the mini
mum thermodynamic requirements for a viable DAC process. 

2.2. Component definition and property method specification in Aspen 
plus 

The IL-based DAC process was modelled using Aspen Plus v12. Since 
the molecular-designed AHA-ILs are not implemented by default in 
Aspen Plus databanks, they had to be introduced as pseudo-components 
following the successful multiscale COSMO-based/Aspen Plus method
ology [48]. Based on COSMOSAC property method (in code 1 in Aspen 

Properties, COSMOSAC method by Sandler et al. [49]), it requires 
quantum chemical structure optimizations at B-P86/TZVP level plus 
COSMO-RS calculations of molecular weight, boiling point, density, 
molecular volume and the sigma-profile for all AHA-ILs and their reac
tion products to fully specify the properties environment for Aspen Plus 
calculations [43,45]. To also describe the CO2 mass transfer kinetics in 
the proposed AHA-ILs, the experimental temperature dependent vis
cosity (μ) data of [P66614][4-BrPyra] were included using Andrade’s 
equation (Eq. (5) due to its intermediate viscosity values among re
ported AHA-ILs (see Figure S2 of Supplementary Material). COSMOSAC 
computes the physical absorption of the remaining air’s components in 
ILs. Thermodynamic properties, chemical reaction and kinetic parame
ters used to define the CO2-ILs systems in Aspen Plus simulations are 
summarized in Table S2 of Supplementary Material. 

ln μ = M1 +
M2

T
(5)  

2.3. DAC process scheme 

The ILs-based DAC process layout is shown in Fig. 1. Air enters the 
contactor via a blower, which compensates for the pressure drops. CO2 is 
removed by chemical absorption with the IL in the air contactor unit 
designed by Carbon Engineering, which adapted commercial cooling 
towers to fit liquid scrubbing for DAC application [12,13]. The adopted 
technology was formerly applied and studied in alkali and amine 
scrubbing processes and it offered an evident improvement over con
ventional absorption columns at DAC conditions [16,21,22]. The CO2- 
rich solvent stream is then preheated in a conventional heat exchanger 
using the hot CO2-lean solvent stream (regenerated IL), before entering 
the flash column in which the regeneration of the IL and the desorption 
of CO2 take place. CO2 is dehydrated in a condenser and compressed for 
transport and storage, and the regenerated IL is recirculated to the air 
contactor after conditioning pressure and temperature. 

2.4. DAC process simulation 

Advanced rate-based simulations in Aspen Plus were carry out to 
address the process analysis for IL-based DAC technology. In all cases, 
the DAC process treats air at exemplary ambient conditions (relative 
humidity of 43% and a CO2 content of 400 ppm [22]). Table 1 reports 
the inlet air stream conditions and compositions. The air blower is 
modeled with an isentropic compressor model and calculates the energy 
required to introduce the air into the air contactor. 

The air contactor for CO2 absorption was modeled using Aspen Plus’s 

Fig. 1. ILs-based DAC process diagram.  
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RadFrac column model. Rate-based calculations were performed to 
consider mass transfer limits in the process, and Aspen Plus’s equilib
rium reaction was employed to describe the chemical reaction between 
CO2 and each IL, whose Keq equation must be specified with the tem
perature dependence parameters (see Table S2 of Supplementary Ma
terial) as explained before [43,45]. The reaction occurs in the liquid 
phase and the equilibrium constant basis is mole-fraction based. To 
reproduce the cross-flow configuration of Carbon Engineering’s design, 
the air contactor was simulated using three rate-based RadFrac blocks 
arranged in parallel with vapor plug flow as reported in previous work 
[22]. The height and diameter of each block were fixed to reproduce the 
inlet area and packing depth of Carbon Engineering’s air contactor [22]. 
Regarding the IL regeneration, a rigorous continuous stirred tank reactor 
block with the same equilibrium reaction as the air contactor was 
adopted to model the flash desorption stage, since solvent regeneration 
is typically accomplished at operating conditions close to equilibrium. 
We use a single stage separation because its proven efficiency and 
simplicity [50] facilitates the calculation of the large sensitivity carried 
out. The condenser that dehydrates CO2 was modeled by a flash sepa
rator block. 

A technical analysis was carried out by evaluating several operating 
and design variables to determine the optimal performance of the 
different DAC systems, where optimality is defined by the exergy con
sumption for the separation and the productivity of the process (see 
below for definitions). The analysis included testing temperatures from 
293 to 323 K and a mass flow range of 5 – 50 t/h for the IL entering the 
air contactor, different air velocities (1 – 3 m/s) in the air contactor, and 
multiple regeneration temperatures and pressures ranges of 373 – 393 K 
and 0.1 – 1 bar, respectively. This resulted in a sensitivity analysis of 
3,524 cases. The energy consumed when desorbing at vacuum pressure 
was estimated by a compressor block simulated via isentropic trans
formation adjusted with efficiency; this emulates the pressure change 
from the corresponding vacuum pressure to ambient conditions (1 bar). 
The pump model estimates the power needed to circulate the solvent 
stream between the air contactor and the regeneration unit. Compres
sion and pumping efficiencies were fixed from state-of-the-art values 
[42,51]. The energy demand for the following CO2 compression to su
percritical conditions was also included, and it was fixed to be 0.28 MJ/ 
kgCO2 following previous DAC publication [22]. Table 2 summarizes the 
main specifications adopted as dimensions, packing type, operating 
conditions, and design variables. The mass-specific exergy (Eq. (6) and 
productivity (Eq. (7) were used to drive the process optimization. Given 
the different types of energy input to the process, i.e. heat and elec
tricity, we used exergy - as indicator of operating costs - to compare the 
different process conditions. More specifically, by computing mass- 
specific exergy (Eq. (6) we aim to identify the process conditions that 
require the minimum useful energy as input to separate one kg of CO2, 
allowing for a fair balance between electricity (pure exergy) and heat at 
low temperature (low exergy). This mass-specific exergy is not to be 
confused with the specific exergy content of the produced CO2 stream. In 
contrast, productivity (Eq. (7) is considered a proxy of the equipment 
size and cost. 

eCO2 =
1

ṁCO2

⋅
[

Q̇reb⋅
(

1 −
T0

Treb

)

+ Ẇblower + Ẇvac + Ẇcomp + Ẇpump

]

(6)  

Pr =
ṁCO2

Vcontactor
(7)  

where eCO2 is the mass-specific exergy to separate CO2 from air, ṁCO2 is 
the mass rate of captured CO2, Q̇reb is the reboiler duty, Treb is the 
reboiler temperature, T0 is 298 K, Ẇblower, Ẇvac, Ẇcomp and Ẇpump are the 
power requirement of the air blower, vacuum operation, CO2 
compressor and the pump, respectively. Pr is the productivity and 
Vcontactor is the volume of the air contactor. 

2.5. Simplified economic evaluation 

A simple economic evaluation of the DAC processes based on ILs was 
carried out to identify the major contributors to the total cost of these 
DAC plants, and to compare their cost potential with current technolo
gies. We would like to stress that this is not a detailed economic analysis 
with bottom-up costing of the different components, which would be 
very uncertain, but it is rather a simple evaluation of the costs starting 
from the key cost components. The value of this analysis is therefore in 
the identification of the costs range, and more importantly on the trends 
between costs and the key design/operation parameters (the reader 
should refrain from identifying DAC-IL costs with one of the cost points 
provided in this analysis). Accordingly, we computed the total cost of 
CO2 captured by simply considering the cost of utilities (electricity and 
steam for heating) and the air contactor cost (γ), which are proxies for 
operating (OPEX) and capital (CAPEX) costs, respectively. Thus, using 
the energy and productivity computations of the technical analysis the 
specific cost of CO2 captured was estimated as a function of the elec
tricity, steam, and air contactor prices by the following equation (Eq. 
(8)) [22]: 

Table 1 
Air stream properties.  

Temperature (K) 293 
Pressure (bar) 1.0 
Composition (%mol) xCO₂₂ 0.04 

xN₂₂ 77.95 
xO₂₂ 21.00 
xH₂₂O 1.01  

Table 2 
Main specifications and design variables of DAC processes simulations.  

Equipment Variable Units Value 

Air contactor Number of blocks – 3 
Number of stages per block – 30 
Diameter m 5.64 
Height m 2.32 
Packing type – Sulzer 

250Y 
Pressure bar 1 
IL mass flow t/h 5–50  

Regeneration column Pressure bar 0.1–1 
Reboiler temperature K 373–393  

Condenser Pressure bar 1 
Temperature K 303  

Cooler Pressure drop bar 0 
Outlet temperature K 293–323  

Rich/Lean Heat 
exchanger 

Hot/cold outlet temperature 
approach 

K 10  

Air blower Isentropic efficiency % 56 
Mechanical efficiency % 98 
Air velocity m/s 1–3  

Vacuum unit Isentropic efficiency % 60 
Mechanical efficiency % 95 
Discharge pressure bar 1  

Pump Power efficiency % 70 
Driver efficiency % 95  
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CCO2 =
γ

Pr⋅a
+ cth⋅eth + cel⋅eel (8)  

where Pr, eth and eel are the productivity, the thermal energy and the 
electric demand taken from the technical analysis, respectively, and a is 
a 20-year lifetime of the plant (operating 8,000 h/year). A range from 
2,000 $/m3 (contactor cost calculated from [14]) to 50,000 $/m3 (from 
Hinwil Climeworks plant [4,29]) was chosen for the air contactor cost 
(γ) as in preceding studies [22], whereas for electricity (cel) and steam 
(cth) a realistic range of 0.01 – 0.1 $/kWh was considered. Note that 
steam costs should be however lower than electricity costs when 
selecting a specific parameters combination. 

3. Results 

3.1. Selection of suitable ionic liquids 

As first step for the identification of promising ILs, the cyclic working 
capacity of the 26 different molecular-designed AHA-ILs was predicted 
by DFT/COSMO-RS computations [45,46]. Calculation details of the 
cyclic capacity are available in Supplementary Material. Fig. 2a shows 
the AHA-ILs cyclic capacity estimated with ambient temperature and 
400 ppm of CO2 for the absorption step (see Table 1), a desorption 
temperature of 373 K and different desorption partial pressures of CO2 
(0.01 – 0.4 bar). 

Fig. 2a shows that there are 9 ILs with positive cyclic capacity 
ranging between 0 mol/kg and 1 mol/kg (1.02 mol/kg for [P66614][5- 
CH3Im] and 1.04 mol/kg for [P66614][Im]). This is achieved below at
mospheric conditions. In fact, for partial pressures above 0.16 bar the 
cyclic capacity value of the 9 positive ILs turn negative, which suggests 
vacuum operation for an efficient desorption or solvent regeneration to 
maximize its cyclic working capacity [52]. In contrast, the remaining 17 
of the 26 ILs considered in this work exhibited an inadequate cyclic 
capacity (equal or lower than 0 mol/kg) for DAC purposes. Fig. 2b shows 
the dependence of the cyclic capacity with the enthalpy of the reaction 
between CO2 and the AHA-IL. An optimum for the cyclic capacity can be 
observed around − 55 – − 60 kJ/mol for three different desorption par
tial pressures, as heat of reaction can be tuned to enhance the cyclic 
capacity as demonstrated in previous works [40,45]. This optimum 
corresponds to [P66614][3-BrPyra] (-55.9 kJ/mol), [P66614][5-CH3Im] 
(-57.8 kJ/mol) and [P66614][Im] (-59.8 kJ/mol) absorbents. Although 
AHA-ILs below the optimal reaction enthalpy range (-55 – − 60 kJ/mol) 
are easier to regenerate, their CO2 capacity is likely too small for DAC 
applications. Fig. 2b also shows that severe vacuum in desorption stage 
increases the cyclic capacity but maintains the optimal range of CO2-IL 
reaction enthalpy. 

A possible range of desorption temperatures (320 – 400 K) was tested 
alongside the desorption pressure. Fig. 3a shows the ILs cyclic capacity 
calculated with a desorption pressure of 0.1 bar and different desorption 
temperatures. As expected, the same 9 ILs exhibited good cyclic capacity 
values for DAC with respect to the desorption temperature as shown in 
Fig. 3a. Increasing the desorption temperature improves the cyclic ca
pacity up to 0.8 mol/kg at 400 K for the best cases as [P66614][5-CH3Im] 
(0.82 mol/kg) and [P66614][Im] (0.78 mol/kg), since it favors the 
regeneration of the AHA-IL [52]. A minimum regeneration temperature 
of 373 K is required to obtain positive cyclic capacities at DAC condi
tions. [P66614][3-BrPyra] (-55.9 kJ/mol), [P66614][5-CH3Im] (-57.8 kJ/ 
mol) and [P66614][Im] (-59.8 kJ/mol) achieved again the best cyclic 
capacity values at different desorption temperatures. Accordingly, from 
a thermodynamic perspective, [P66614][3-BrPyra], [P66614][5-CH3Im] 
and [P66614][Im] were identified as the three most promising AHA-ILs 
for DAC. 

3.2. Techno-economic analysis of IL-based DAC processes 

The three most promising AHA-ILs identified in the molecular 
screening step ([P66614][3-BrPyra], [P66614][5-CH3Im] and [P66614] 
[Im]) were evaluated for DAC in terms of productivity and mass-specific 
exergy by means of process simulation. Fig. 4 shows the results for 
[P66614][Im] in terms of productivity and mass-specific exergy, 
depending on the air velocity and IL mas flow. Common trends can be 
found for all ILs (see Figure S2 of Supplementary Material). For each air 
velocity value, increasing the productivity leads to an exergy reduction 
up to an optimal operation range from which exergy increments expo
nentially with higher productivity. Higher air velocity leads to greater 
productivity, but it also increments the exergy demand because the 
power consumption of the blower is increased. Concurrently, the IL mass 
flow required to achieve higher productivity is also higher, since there is 
more CO2 to be captured, which contributes to higher mass-specific 
exergy consumption by rising solvent heating/cooling duties and 
pumping needs. On the other hand, a minimum in the exergy demand 
was found in the 2 – 20 t/h range for each air velocity value. Further 
increments in the IL mass flows only drive to higher exergy requirement, 
since productivity is independent of the mass flow above ≈ 20 t/h. In 
this sense, [P66614][Im] exhibits lower exergy values than [P66614][3- 
BrPyra] and [P66614][5-CH3Im] due to the lower quantity of IL required. 
The minimum exergy consumption is achieved at: 28.6 kgIL/kgCO2 for 
[P66614][Im], 50.4 kgIL/kgCO2 for [P66614][5-CH3Im] in Figure S2, and 
62.9 kgIL/kgCO2 for [P66614][3-BrPyra] in Figure S2 at 1.4 m/s. 

Subsequently, the effect of the temperature of the solvent stream 
entering the air contactor was analyzed. Fig. 5 illustrates productivity 
and exergy with respect to the IL inlet temperature and to IL mas flow for 

Fig. 2. AHA-ILs cyclic capacity with respect to (a) the desorption partial pressure of CO2 and (b) the enthalpy of reaction. 293 K, 1 bar and 400 ppm of CO2 were 
assumed to calculate the absorption capacity, whereas the desorption capacity was estimated at 373 K and varying the pressure. Colored ILs are suitable for DAC. 
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[P66614][Im]. A negligible effect of the IL inlet temperature can be 
noticed for the three ILs tested, because the higher air flow rate (1.4 m/s 
is equivalent to 151.1 t/h approx.) at ambient temperature (293 K) 
controls the temperature of the absorption. At high productivity and 
great IL mass flow (above 30 t/h), an exergy decrease with temperature 
is observed. Minimum exergies can be seen in the 1 – 5 t/h range at these 
conditions. Regarding the IL (see Figure S3), a minimum exergy of 6.8 
MJ/kgCO2 is seen for [P66614][Im], whereas [P66614][5-CH3Im] and 
[P66614][3-BrPyra] increment the exergy to 9.0 MJ/kgCO2 and 9.8 MJ/ 
kgCO2, respectively, at both 293 and 308 K. 

Moving to the regeneration step, Fig. 6 shows the effect of different 
regeneration temperature and IL mas flow on productivity and exergy 

for [P66614][Im]. Increasing the reboiler temperature slightly improves 
the productivity at the expense of higher exergy demand for [P66614] 
[Im] but also for the rest of ILs. Concerning the different ILs (see 
Figure S4 of Supplementary Material), the desorption temperature effect 
amplifies when reducing the enthalpy of reaction; [P66614][Im] presents 
lower exergy demands than [P66614][5-CH3Im] and [P66614][3-BrPyra] 
(below 10 MJ/kgCO2 for all temperatures, see Figure S4) because its 
favored chemical absorption leads to higher CO2 capture rates with less 
quantity of solvent involved (26.8 kgIL/kgCO2 for [P66614][Im], 44.9 
kgIL/kgCO2 for [P66614][5-CH3Im] in Figure S4, and 73.5 kgIL/kgCO2 for 
[P66614][3-BrPyra] in Figure S4 at 393 K). 

Finally, the effect of vacuum pressure and the IL mass flow on 

Fig. 3. AHA-ILs cyclic capacity with respect to (a) the desorption temperature and (b) the enthalpy of reaction. 293 K, 1 bar and 400 ppm of CO2 were considered to 
calculate the absorption capacity, whereas the desorption capacity was estimated at 0.1 bar and varying temperature. Colored ILs are suitable for DAC. 

Fig. 4. Exergy vs. productivity (a), exergy vs. IL mass flow (b), and productivity vs. IL mass flow (c) planes of DAC process based on [P66614][Im] depending on the 
air velocity. Results calculated for an IL inlet temperature of 293 K, an absorption operated at and 1 bar, and desorption working at 373 K and 0.1 bar. 

Fig. 5. Exergy vs. productivity (a), exergy vs. IL mass flow (b), and productivity vs. IL mass flow (c) planes of DAC process based on [P66614][Im] depending on the IL 
temperature. Results calculated for an air velocity of 1.4 m/s, an absorption operated 1 bar, and desorption working at 373 K and 0.1 bar. 
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productivity and exergy when using [P66614][Im] is shown in Fig. 7. It 
can be noted that higher pressure decreases the exergy demand (from 
7.7 to 5.4 MJ/kgCO2 for [P66614][Im], from 10.2 to 6.6 MJ/kgCO2 for 
[P66614][5-CH3Im] in Figure S5, and from 12.2 to 7.1 MJ/kgCO2 for 
[P66614][3-BrPyra] in Figure S5, comparing 0.1 to 1 bar), but it also 
reduces the productivity (from 0.50 to 0.39 kg/(m3⋅h) for [P66614][Im], 
from 0.45 to 0.39 kg/(m3⋅h) for [P66614][5-CH3Im] in Figure S5), and 
from 0.45 to 0.32 kg/(m3⋅h) for [P66614][3-BrPyra] in Figure S5, 
comparing 0.1 to 1 bar), since the IL is regenerated to a lesser extent and 
therefore captures less CO2. It follows that the required mass flow of IL is 
smaller when operating at low pressure (26.8 vs. 51.8 kgIL/kgCO2 for 
[P66614][Im], 44.9 vs. 84.8 kgIL/kgCO2 for [P66614][5-CH3Im] in 
Figure S5, and 73.5 vs. 103.6 kgIL/kgCO2 for [P66614][3-BrPyra] in 
Figure S5, comparing 0.1 to 1 bar), drastically reducing the reboiler duty 
and consequently the exergy demand. Suitable pressure values are be
tween 0.75 and 0.5 bar because at high productivity the mass-specific 
exergy is still low. [P66614][Im] exhibited the best productivity and 
mass-specific results anew, in comparison with [P66614][5-CH3Im] and 
[P66614][3-BrPyra] (see Figure S5 of Supplementary Material). 

Bringing together the results shown in the previous figures per each 
design parameter (i.e. air velocity, IL mass flow, inlet and regeneration 
temperature, vacuum pressure), the overall Pareto frontier for exergy, 
energy and productivity was extracted from all simulated cases and 
represented in Fig. 8a, 9a and 10a. The region above the curve is sub- 
optimal, whereas that below is unfeasible. Table S3 of Supplementary 
Material summarizes the operating conditions of the extremes of the 
Pareto (Points A and B). Both productivity and exergy requirement 
change significantly along the Pareto of the three AHA-ILs, highlighting 
the relevance of selecting proper design and operating conditions. The 
productivity achieved on the minimum-exergy (Point A, ≈ 0.5 kg/ 
(m3⋅h)) and maximum-productivity (Point B, ≈ 1.3 kg/(m3⋅h)) cases is 
analogous for the three AHA-ILs as illustrated in Fig. 8a, 9a and 10a, and 
summarized in Table 3. This is because the captured CO2 on each point is 

similar: Point A: 68.2, 71.4 & 76.9 kg/h; and Point B: 190.6, 192.0 & 
192.4 kg/h for [P66614][3-BrPyra], [P66614][5-CH3Im] and [P66614][Im], 
respectively. On the contrary, the exergy (energy) results reported in 
Figs. 8, 9 and 10, and Table 3 for these operational points differ a lot 
between AHA-ILs (Point A: 5.44 (15.15) MJ/kg for [P66614][Im], 6.15 
(19.46) MJ/kg for [P66614][5-CH3Im], 7.14 (23.09) MJ/kg for [P66614] 
[3-BrPyra] and Point B: 16.73 (35.42) MJ/kg, 21.34 (48.31) MJ/kg, 
26.43 (63.56) MJ/kg, for [P66614][Im], [P66614][5-CH3Im] and [P66614] 
[3-BrPyra], respectively). The energy demand breakdown for points A 
and B of the Pareto curves is represented in Fig. 8b, 9b and 10b. It can be 
noted that, for both extremes of the Pareto, the reboiler duty is the main 
part of the energy requirement for all AHA-ILs. Thus, the total energy 
required differs from one AHA-IL to another because the reboiler duty 
depends on the mass flow, which is determined not only by the AHA-IL 
cyclic capacity but also by its molar mass (Table S1). [P66614][Im] re
duces the heating demand up to 13.3 MJ/kg in Point A and 24.6 MJ/kg 
in Point B, and hence attains the most energy-efficient DAC system based 
on ILs. This is a result of the most favored chemical capture and lowest 
molar mass and therefore lowest mass flow (Point A: 7 t/h of [P66614][3- 
BrPyra], 5 t/h of [P66614][5-CH3Im] and 3 t/h of [P66614][Im]). 
Changing the [P66614] cation for another with lower molecular weight as 
triethyl(octyl)phosphonium ([P2228]) could further reduce the mass 
flow of solvent [43,47]. Moreover, the reboiler duty increases dramat
ically when moving toward higher productivity as higher IL mass flows 
are involved (Point B: 45 t/h of [P66614][3-BrPyra], 25 t/h of [P66614][5- 
CH3Im] and 15 t/h of [P66614][Im]). A similar trend can be observed for 
secondary energy contributors, as the air blower and vacuum operation, 
which require more energy at higher productivity. On the other hand, 
the energy required by the air blower for both operational points (A and 
B) is very similar for all AHA-ILs because they are operating with equal 
air velocities (1.4 m/s for Point A and 3 m/s for Point B), whereas 
vacuum demand decreases significantly on Point B when changing the 
AHA-IL, because the lower mass flow of [P66614][Im] is less saturated in 

Fig. 6. Exergy vs. productivity (a), exergy vs. IL mass flow (b), and productivity vs. IL mass flow (c) planes of DAC process based on [P66614][Im] depending on the 
desorption temperature. Results calculated for an air velocity of 1.4 m/s, an absorption operated at 293 K and 1 bar, and desorption working at 0.1 bar. 

Fig. 7. Exergy vs. productivity (a), exergy vs. IL mass flow (b), and productivity vs. IL mass flow (c) planes of DAC process based on [P66614][Im] depending on the 
desorption pressure. Results calculated for an air velocity of 1.4 m/s, an absorption operated at 293 K and 1 bar, and desorption working at 393 K. 
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water and this reduces the vapor flow to be removed in the regeneration 
unit (all ILs operate at 0.1 bar of vacuum pressure on this point). In brief, 
it can be concluded that [P66614][Im] achieves a less energy-demanding 
DAC system than [P66614][5-CH3Im] and [P66614][3-BrPyra] for similar 

productivity due to its enhanced cyclic capacity (Cyclic capacity on 
Point A and Point B are: 0.2 and 0.1, 0.3 and 0.2 and 0.6 and 0.3 mol/kg 
for [P66614][3-BrPyra], [P66614][5-CH3Im] and [P66614][Im], respec
tively). Capture rates on Point A and Point B are: 73.8 and 96.2, 77.2 and 
96.9, and 83.2 and 97.1 % for [P66614][3-BrPyra], [P66614][5-CH3Im] 
and [P66614][Im], respectively. High CO2 purities exceeding 95 %mol 
are achieved in all cases and water with a purity higher than 99 %mol 
could be co-produced, which would be particularly interesting in water- 
distressed areas. The resulting values for CO2 and water purities in the 
corresponding product streams (see Fig. 1), CO2 concentration in the 
CO2-depleted air stream and CO2 recovery are summarized in Table S4 
of Supplementary Material for Pareto points A and B of each IL. 

Table 3 also reports the productivity and mass-specific exergy and 
energy values of different DAC technologies studied using the same air 
contactor design [22]. In terms of exergy demand, all ILs-based DAC 
systems are comparable or slightly lower (5.44 MJ/kg of [P66614][Im] 
vs. 6.21 MJ/kg) than the reference alkali-scrubbing process while 
attaining similar productivity (0.45 – 0.51 kg/(m3⋅h)). However, they 
require higher energy (15.51 MJ/kg of [P66614][Im] vs. 6.48 MJ/kg) 
than their alkali counterpart. According to Table 3 data, the most 

Fig. 8. (a) Exergy vs. productivity Pareto front for [P66614][3-BrPyra]-based DAC process, together with (b) the breakdown of the energy demand for the two ex
tremes; point A: minimum exergy consumption and point B: maximum productivity. 

Table 3 
Exergy and energy consumption, as well as productivity of reference DAC 
technologies and the IL-based processes for the two extreme Pareto points A and 
B, referring to the Pareto charts shown in Figs. 9, 10 and 11.   

Exergy (MJ/ 
kg) 

Energy (MJ/ 
kg) 

Productivity 
(kg/(m3⋅h))  

A B A B A B 

[P66614][3-Pyra]  7.14  26.43  23.09  63.56  0.46  1.27 
[P66614][5-CH3Im]  6.15  21.34  19.46  48.31  0.48  1.28 
[P66614][Im]  5.44  16.73  15.51  35.42  0.51  1.28 
Alkali-scrubbing [22]  6.21  6.48  6.21  6.48  0.18  0.45 
Amine-scrubbing [22]  5.59  13.13  20.04  49.32  0.75  1.08 
Solid sorbenta [22]  1.81  2.1  7.96  8.68  3.8  10.6  

a Solid sorbent process calculated with an exemplary sorbent isotherm. 

Fig. 9. (a) Exergy vs. productivity Pareto front for [P66614][5-CH3Im]-based DAC process, together with (b) the breakdown of the energy demand for the two ex
tremes; point A: minimum exergy consumption and point B: maximum productivity. 
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suitable IL, [P66614][Im], exhibits a less-intensive exergy (energy) pro
cess than amine-scrubbing 5.44 (15.51) MJ/kg vs. 5.59 (20.04) MJ/kg at 
the expense of reducing the productivity from 0.75 to 0.51 kg/(m3⋅h). In 
contrast, for top productivity (Point B), [P66614][Im] consumes more 
exergy than the MEA-based system (16.73 vs.13.13 MJ/kg) because of 
the vacuum operation and air velocity required, but less energy (35.42 
vs. 49.32 MJ/kg) due to a lower reboiler duty (24.6 vs. 48.16 MJ/kg) 
[22]. It is worth however stressing that these energy values would not be 
realistic for commercial operation and that the maximum productivity 
points would not be pursued in a real plant. The steep Pareto front of IL- 
based DAC technologies indicates in fact that one optimal operating 
point is eventually present, and productivity could only be slightly 
increased at great energy expenditures. 

The results of the simplified economic assessment are shown in 
Figs. 11 and 12. Fig. 11 reports the maps of the costs of the IL-based DAC 
systems as function of the heat and electricity prices (0.01 – 0.1 $/kWh), 
and the air contactor cost (2,000 – 50,000 $/m3). The total cost was 
calculated using Point A (lowest exergy and energy consumption) from 
the Pareto front of each IL (Figs. 8, 9 and 10). Although the full heat- 
electricity price plane is represented for completeness, cases where 
electricity is cheaper than heat should be disregarded (only possible 
under very specific boundary conditions). 

It can first be noted that the low productivity achieved on the 
minimum-exergy/energy operation case for all ILs (Point A in the Pareto 
chart) makes the total cost strongly dependent on the plant cost. 
Consequently, the DAC-IL costs are strongly function of the contactor 
cost. However, because of the large variation in the energy requirements 
along the Pareto front, the total plant cost varies significantly with the 
heat price (the reboiler duty is dominating the energy demand). For 
example, in the low contactor cost area (2,000 $/m3) the plant cost 
would still span from below 200 $/tCO2 to above 600 $/tCO2 (92 – 669 
$/tCO2 for [P66614][3-BrPyra], 80 – 567 $/tCO2 for [P66614][5-CH3Im] 
and 67 – 455 $/tCO2 for [P66614][Im]). Moreover, it is worth stressing 
that this contactor cost may be very difficult to achieve even in the case 
of high learning rates. While the strong dependency on heat price is 
clearly observed for all AHA-ILs, it is especially noticeable when higher 
quantity of IL is involved, as in Fig. 11a for [P66614][3-BrPyra]. Not 
surprisingly, DAC-IL processes are not significantly affected by the 
electricity price (this would indeed not be true if heat were to be sup
plied via a heat pump). If the results are used to plot the productivity- 

total cost function, as represented in Fig. 12, it can be observed for 
any of the three AHA-ILs that the minimum cost does not correspond to 
the minimum exergy point (Point A), unless the contactor cost is (close 
to) 2,000 $/m3 (Fig. 12a). The cost penalty of vacuum operation at high 
price of electricity is instead behind the cost fluctuations shown in the 
Pareto curve of each AHA-IL. 

Regarding the solvents, [P66614][Im] exhibits more favorable 
behavior of the costs compared to [P66614][3-BrPyra] and [P66614][5- 
CH3Im]. This is due to the significantly smaller mass flow, and hence 
energy requirement. If we compare the cost of [P66614][Im] with pre
vious cost estimates for alkali and amine scrubbing, we find that DAC-IL 
([P66614][Im]) is in line with the other technologies: when using a plant 
cost of 25,000 $/m3, a heat price of 0.05 $/kWh and an electricity price 
of 0.1 $/kWh, DAC-IL requires 506 $/tCO2 while alkali and amine 
scrubbing require 419 and 537 $/tCO2, respectively [22]. If a plant cost 
of 50,000 $/m3 (range of sorbent-based demonstration projects) is 
assumed, then [P66614][Im] achieves a cost of 680 $/tCO2, close to 600 
$/tCO2, which is line with previous estimated for both solid and liquid 
sorbents [5,11,21,53]. In brief, these results suggest DAC-IL might be an 
equally good candidate for DAC applications from a cost perspective. 

To conclude the process analysis, we better investigated the effect of 
the IL viscosity, which is a major source of uncertainty for [P66614][Im], 
and which was identified as the most promising AHA-IL for DAC 
application. Accordingly, a more conservative scenario was computed 
by increasing [P66614][Im] viscosity. The experimental viscosity data 
from [P2228][4-BrIm] [54], a more viscous IL than the reference [P66614] 
[4-BrPyra] and with an anion based on the same heterocyclic ring 
([Im]), was used to estimate it (see Figure S6 of Supplementary Mate
rial). Fig. 13 compares productivity and mass-specific exergy at the 
operational point corresponding to minimum exergy (Point A in Figs. 8, 
9 and 10) using the different viscosity data. Increasing the IL viscosity 
reduces 14% the productivity value from 0.51 to 0.44 kg/(m3⋅h), in 
contrast to a 13% incremented mass-specific exergy from 5.44 to 6.13 
MJ/kgCO2. As consequence, the total cost of the DAC-IL technology in
creases by around 13%; from 271 $/tCO2 to 306 $/tCO2 assuming a plant 
cost of 2,000 $/m3, a heat price of 0.05 $/kWh and an electricity price of 
0.1 $/kWh [22]. As expected, the IL transport properties play a signif
icant role on the performance and economics of the DAC-IL process, 
which is in line with what was found for conventional carbon capture 
[55]. 

Fig. 10. (a) Exergy vs. productivity Pareto front for [P66614][Im]-based DAC process, together with (b) the breakdown of the energy demand for the two extremes; 
point A: minimum exergy consumption and point B: maximum productivity. 
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4. Discussion and recommendations for improving the IL 
performance in DAC applications 

This work has tackled for the first time the design – from molecular to 
process level – of a DAC application using ionic liquids. While we tried to 
apply a comprehensive and detailed methodology in all steps, we can 
certainly identify further actions for improvement. First and foremost, 
the selection of ILs for DAC processes should include both absorption 

Fig. 11. Maps of the DAC-IL system cost as a function of electricity price, heat 
price, and plant cost for (a) [P66614][3-BrPyra], (b) [P66614][5-CH3Im] and (c) 
[P66614][Im]. Operating conditions of the minimum-exergy/energy case (Point 
A in the Pareto chart) were used. 

Fig. 12. Cost vs. productivity Pareto front for the three different IL-based DAC 
processes. Cost calculated using a plant cost of 2,000 $/m3 (a), 25,000 $/m3 (b) 
and 50,000 $/m3 (c), a heat price of 0.05 $/kWh and an electricity price of 
0.1 $/kWh. 
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capacity and mass transfer. Moving from liquid-sorbent to solid-sorbent 
processes by encapsulating or supporting the IL could be a promising 
alternative to overcome the kinetic limitations [56–58] and reduce the 
energy requirement of the regeneration step, in line with DAC literature 
of amino-based sorbents [26]. In this sense, Fig. 14 compares the cyclic 
capacities of the most promising AHA-ILs from this work ([P66614][3- 
BrPyra], [P66614][5-CH3Im] and [P66614][Im]) to those of solid adsor
bents from preceding DAC studies [22]. All cases are calculated at equal 
sorption (see Table 1) and desorption conditions (0.1 bar and different 
desorption temperatures). It can be observed that the cyclic capacity 
trend of the selected AHA-ILs is comparable to Tri-PE-MCM-41 and 
Lewatit VP OC 106 adsorbents, but better than APDES-NFC from 370 K, 
achieving higher cyclic capacities than 0.41 mol/kg maximum (at 400 
K) of this sorbent. In contrast, MIL-101(Cr)-PEI-800 sorbent shows 
remarkable values (0.2 – 0.-4 mol/kg) even at low desorption temper
atures (345 – 360 K), but its cyclic capacity at 400 K (0.89 mol/kg) is 
quite similar to the rest of sorbents (0.75 mol/kg for Tri-PE-MCM-41 and 
0.86 mol/kg for Lewatit VP OC 106) and the proposed ILs (0.67, 0.78, 
0.82 mol/kg for [P66614][3-BrPyra], [P66614][Im] and [P66614][5- 
CH3Im], respectively). In fact, the quantity of CO2 captured per kg of IL 
could be enhanced by replacing the [P66614] cation with another cation 
with lower molecular weight as [P2228] [47]. Designing suitable AHA- 

ILs for DAC application that meet the outstanding thermodynamics of 
solid sorbents when encapsulated or supported on a solid could be hence 
feasible, considering that some solid supports enable an IL nominal load 
up to 80 %weight [58]. 

Second, attention should be paid to highlight the role of water. 
Although the absorption capacity of AHA-ILs would not be negatively 
impacted by water [44], water adsorption is a crucial point of attention 
when considering solid supports, since it could affect the sorption of CO2 
depending on the ambient conditions and the solid characteristics [26]. 
Besides water isotherms, heat and mass transfer were previously iden
tified to strongly determine the performance of different solid sorbents 
processes [22,26]. In fact, high specific mass transfer coefficients are 
particularly important for high productivity, which could be increased 
up to 10.6 kg/(m3⋅h) with minimal additional energy consumption as 
tabulated in Table 3 for solid sorbents. 

According to the energy consumption reported in Table 4, DAC 
technologies based on the adsorbents represented in Fig. 14 exhibit 
particularly promising results compared to the solvent-based technolo
gies presented in Table 3. MIL-101(Cr)-PEI-800 has the minimum energy 
demand (4.7 – 8.9 MJ/kg), significantly inferior than the best IL-based 
DAC absorption system (15.15 – 35.42 MJ/kg of [P66614][Im]). Over
all, enhancing the kinetics of absorption by encapsulating or supporting 
the proposed ILs is suggested to further improve their process perfor
mance [56–58] and bring the total cost of capture towards 100–200 
$/tonCO2 [5,9,11]. 

5. Conclusions 

In this work, 26 different ILs were molecular designed by a DFT/ 
COSMO-RS method to study their feasibility to DAC processes. Suit
able ILs for DAC purposes were detected by estimating the cyclic 
working capacity at DAC-relevant conditions from predicted CO2 iso
therms. [P66614][3-BrPyra], [P66614][5-CH3Im] and [P66614][Im] 
exhibited promising cyclic capacity values comparable to those esti
mated for solid sorbents and up to 0.8 mol/kg. Detailed rate-based 
process modeling in Aspen Plus was used to simulate the DAC pro
cesses based on these ILs and the air contactor design from Carbon En
gineering. A technical analysis was carried out to evaluate the ILs 
performance as chemical absorbents for DAC in terms of exergy, energy 
and productivity. Several design variables and operating conditions 
were assessed. Key findings of this analysis showed that: higher air ve
locity enhances the productivity at the expense of increasing the exergy 
demand; higher desorption temperature allows for greater desorption 
pressures and therefore lower exergy consumption; the IL inlet tem
perature on the air contactor has a negligible influence; the optimal mass 
flow coincides with the minimum exergy condition. The optimal oper
ation was identified by range as Pareto front. Among the ILs evaluated, 
[P66614][Im] exhibited the most exergy (energy) efficient DAC process 
thanks to its greater cyclic capacity: 5.44(15.15) – 16.73(35.42) MJ/kg 
for a productivity range of 0.5 – 1.3 kg/(m3⋅h). Compared to other ab
sorption technologies, its 5.44 MJ/kg minimum exergy is slightly lower 
than alkali (6.21 MJ/kg) and amine (5.59 MJ/kg) scrubbing references, 
but higher than those from solid sorbents. The IL viscosity was found to 
have substantial effects on the productivity, exergy and economics, 
worsening their values when it is increased. A simplified economic 

Fig. 13. Productivity and exergy depending on the [P66614][Im] viscosity for 
the minimum exergy point of [P66614][Im] Pareto chart. The viscosity value of 
197 cP comes from [P66614][4-BrPyra] data, whereas 288cP relates to [P2228] 
[4-BrIm]. 

Fig. 14. Cyclic capacity as function of the desorption temperature for the most 
promising ILs identified in this work and the solid sorbents from previous 
studies [22]. Adsorption conditions are: 293 K, 1 bar and 400 ppm of CO2. 
Desorption vacuum pressure: 0.1 bar. 

Table 4 
Energy consumption of solid-based DAC technologies compared to the 
best IL of this work.   

Energy (MJ/kg) 

MIL-101(Cr)-PEI-800 4.7 – 8.9 [22] 
TRI-PE-MCM-41 6.8 [59] 
APDES-NFC 9.7 – 11.4 [22] 
Lewatit VPOC 106 10.7 – 13.1 [22] 
[P66614][Im] 15.51 – 35.42 (this work)  
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model allowed us to identify the trends and the major contributions to 
the total cost of the plant. Representative air contactor costs (2,000 – 
50,000 $/m3), and heat and electricity prices (0.01 – 0.1 $/kWh) were 
therefore considered. It was found that the total cost of the ILs-based 
DAC systems is drastically determined by the plant cost and the heat 
price. Costs maps are in line with other DAC solutions, which suggests 
IL-based approach could be a valid alternative to current commercial
ized DAC technologies. The kinetic advantage of solid-sorbent processes 
suggests that supported or encapsulated ILs might further enhance the 
performance of ILs (or compensate for higher viscosity values) taking 
benefit from their faster mass transfer kinetics to increment productivity 
without a significant extra energy penalty. Future work may address the 
application of these IL-based advanced materials and properly compare 
them to available solid sorbents. 
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