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This study demonstrates the coupling of Ionic liquids (ILs) with a membrane contactor for postcombustion CO2 capture at moderate pressures and temperatures. ILs 1-ethyl-3-methylimidazolium methyl sulfate ([emim][MeSO4]), 1-ethyl-3-methylimidazolium dicyanamide ([emim][DCA]), 1-ethyl-3methylimidazolium ethyl sulfate ([emim][EtSO4]) and 1-ethyl-3-methylimidazolium acetate ([emim][AC]) were selected due to their high thermal stability, moderate viscosity and surface tension, as well as high CO2 solubility. No wetting conditions were confirmed for the polypropylene membrane by measuring contact angle, liquid entry pressure (LEP) and SEM of fiber surface before and after the operation. ILs were recirculated in the setup until reaching pseudo-steady-state. All four ILs were able to capture a substantial amount of CO2 during the specified operation time. Initially, very high values of CO2 mass transfer flux and experimental overall mass transfer coefficient were obtained which further decreased with operation time and reached a nearly constant value at pseudo-steady-state. Effect of CO2 loading of the ILs and temperature on enhancement factor and first order rate constant were evaluated. The absorption behavior and kinetics were strongly influenced by the CO2 concentration in the ILs, which divides the absorption process in two steps; an initial faster absorption at the gas-liquid interface and later slower absorption in the bulk of the IL. Finally, a pseudo-steady-state modelling approach was implemented and validated.

Introduction

CO2 is believed to be the largest contributor (~80%) to all greenhouse gases [START_REF] Hajilary | CFD modeling of CO2 capture by water-based nanofluids using hollow fiber membrane contactor[END_REF][START_REF] Rezakazemi | CO2 absorption enhancement by water-based nanofluids of CNT and SiO2 using hollow-fiber membrane contactor[END_REF]; causing higher earth surface temperature, global warming and other severe climatic disturbances. Human activities have caused an increase of 100 ppm (36%) in atmospheric CO2 concentration over the past 250 years [START_REF] Barker | Climate Change 2007 : An Assessment of the Intergovernmental Panel on Climate Change, An Assessment of the Intergovernmental Panel on Climat Change[END_REF][START_REF] Jie | Preliminary studies of CO2 removal from precombustion syngas through pressure swing membrane absorption process with ionic liquid as absorbent[END_REF]. CO2 capture (CC) is one of the most promising options to minimize the influence of fossil fuel utilization on climate change [START_REF] Rezakazemi | Thermally stable polymers for advanced high-performance gas separation membranes[END_REF][START_REF] Yang | Progress in carbon dioxide separation and capture: A review[END_REF]. Post-combustion carbon capture (PCC), pre-combustion carbon capture and oxyfuel-combustion carbon capture are the three widely used technologies, among which PCC is the most promising one as it can be retrofitted to existing units in power plants (Dai and Deng, 2016;[START_REF] Sohaib | Modelling Pre-Combustion CO2 Capture with Tubular Membrane Contactor Using Ionic Liquids at Elevated Temperatures[END_REF][START_REF] Zhao | Status and progress of membrane contactors in post-combustion carbon capture: A state-of-the-art review of new developments[END_REF]. PCC based on liquid absorbents is known as state-of-the-art CC technology with high CO2 removal efficiency (> 80%) even at low pressure and CO2 concentrations [START_REF] Figueroa | Advances in CO2 capture technology-The U[END_REF]. Although industrial scale and other conventional absorbers used for PCC based on liquid absorbents are relatively efficient, it still faces some serious problems like substantial energy consumption, corrosion, solvent loss by entrainment, flooding and foaming. Membrane contactor technology is a promising alternative to overcome these problems [START_REF] Gabelman | Hollow fiber membrane contactors[END_REF].

Membrane contactor absorption is a hybrid technology combining the advantages of absorption and membrane contactor (Dai and Deng, 2016;[START_REF] Zhang | Current status and development of membranes for CO2/CH4 separation: A review[END_REF]. Advantages of membrane contactors over other conventional absorbers and packed columns include large and constant interfacial area, no flooding, foaming and entrainment, flexible operability on gas and liquid sides, modularity and linear scaling [START_REF] Gabelman | Hollow fiber membrane contactors[END_REF][START_REF] Li | Review of CO2absorption using chemical solvents in hollow fiber membrane contactors[END_REF]Qazi et al., 2020a;[START_REF] Razavi | Simulation of CO2 absorption by solution of ammonium ionic liquid in hollow-fiber contactors[END_REF]. [START_REF] Falk-Pedersen | CO 2 Capture with Membrane Contactors[END_REF] used a membrane contactor for absorption of exhaust gas from gas turbine, which significantly eliminated or reduced many operating problems. Other major benefits reported were a reduction of footprint requirements up to 50%, savings of operating cost up to 52% and a capital cost reduction of 40%.

The major disadvantage of membrane contactor is an increased mass transfer resistance due to the membrane itself or membrane pore wetting which can significantly increase the mass transfer resistance leading to a sharp drop in absorption performance [START_REF] Mosadegh-Sedghi | Wetting phenomenon in membrane contactors -Causes and prevention[END_REF][START_REF] Rangwala | Absorption of carbon dioxide into aqueous solutions using hollow fiber membrane contactors[END_REF].

Membrane pore wetting can be prevented by maintaining the pressure below liquid entry pressure (LEP) also called breakthrough pressure. According to Laplace-young equation, LEP can be increased by increasing cosine of the contact angle, using absorbents of high surface tension and smaller membrane pores. [START_REF] Li | Review of CO2absorption using chemical solvents in hollow fiber membrane contactors[END_REF] and Mosadegh-Sedghi et al. ( 2014) also suggested the above mentioned parameters to control pore wetting with the addition of using hydrophobic membranes, employing noncorrosive and membrane compatible absorbents and maintaining transmembrane pressure lower than LEP. The porous membranes used in membrane contactors are usually made of hydrophobic material such as polypropylene (PP), polyethylene (PE), polytetrafluoroethylene (PTFE) and polyvinylidenefluoride (PVDF). These membranes are mostly reported to be used for CO2 capture due to their high hydrophobicity and good stability [START_REF] Chabanon | Pushing the limits of intensified CO2 post-combustion capture by gas-liquid absorption through a membrane contactor[END_REF]Dai et al., 2016a). Selection of absorbents for CC in membrane contactors is very critical because of the various problems caused by conventional absorbents [START_REF] Constantinou | CO2 absorption in polytetrafluoroethylene membrane microstructured contactor using aqueous solutions of amines[END_REF][START_REF] Dindore | Membrane-solvent selection for CO2 removal using membrane gas-liquid contactors[END_REF]. Amine based solvents have been mostly used so far, because of their large cyclic capacities. However, use of these solvents is threatened by their high volatility, large amount of solvent loss, degradation at high temperature and high corrosion rate [START_REF] Iliuta | CO2 removal by single and mixed amines in a hollow-fiber membrane module-investigation of contactor performance[END_REF][START_REF] Wang | Optimization of blended amines for CO2 absorption in a hollow-fiber membrane contactor[END_REF]. Another approach to overcome these problems is the use of Ionic liquids (ILs) in combination with membrane contactors (Qazi et al., 2020b).

ILs are organic salts having extraordinarily high CO2 solubility, negligible vapor pressure and high thermal stability [START_REF] Li | CO2/H2 separation by amino-acid ionic liquids with polyethylene glycol as co-solvent[END_REF], which leads to almost zero solvent loss and lower energy consumption during regenerations [START_REF] Ramdin | State-of-the-art of CO \n 2 capture with ionic liquids[END_REF]. Another advantage of ILs are their low toxicity and relatively low corrosiveness, which are almost two magnitudes lower than commonly used amines [START_REF] Papatryfon | CO2 capture efficiency, corrosion properties, and ecotoxicity evaluation of amine solutions involving newly synthesized ionic liquids[END_REF]. ILs are classified in two categories, room temperature ILs (RTILs) and Task Specific Ionic Liquids.

RTILs are considered to behave as typical physical solvents for CO2 and other gases. Gas solubility in RTILS are widely represented by Henry's law constant (Dai et al., 2016b;[START_REF] Lei | Gas solubility in ionic liquids[END_REF]. Imidazolium based ILs are widely reported to be used for CO2 capture. Studies have reported less effect of alkyl chain cations on CO2 solubility compared to anions which has strong influence on the solubility of CO2 [START_REF] Chen | Solubility of CO2 in imidazolium-based tetrafluoroborate ionic liquids[END_REF][START_REF] Zhang | Carbon capture with ionic liquids: overview and progress[END_REF]. Solubility and Henry's Law constant of CO2 in various RTILs have been extensively studied and reported in the literature [START_REF] Blath | Chemisorption of carbon dioxide in imidazolium based ionic liquids with carboxylic anions[END_REF][START_REF] Blath | Gas solubilities in room temperature ionic liquids -Correlation between RTiL-molar mass and Henry's law constant[END_REF][START_REF] Mejía | On the high-pressure solubilities of carbon dioxide in several ionic liquids[END_REF][START_REF] Ramdin | State-of-the-art of CO \n 2 capture with ionic liquids[END_REF][START_REF] Soriano | Carbon dioxide solubility in some ionic liquids at moderate pressures[END_REF][START_REF] Yim | Measurement and Correlation of CO2Solubility in 1-Ethyl-3-methylimidazolium ([EMIM]) Cation-Based Ionic Liquids[END_REF][START_REF] Yokozeki | Physical and chemical absorptions of carbon dioxide in room-temperature ionic liquids[END_REF].

In the past few years, many researchers have applied ILs in combination with membrane contactors for gas separation. For example Dai and Deng, (2016) used IL 1-Butyl-3-methlyimidazolium tricyanomethanide ( [Bmim][TCM]) for CO2 absorption in microfiltration glass membrane. Study has reported a decrease in CO2 flux from 3.09 10 -5 mol m -2 s -1 to 2.13 10 -5 mol m -2 s -1 by an increase from temperature to 353.15 K. A decrease of 22 % in overall mas transfer coefficient was reported due to only 1 % pore wetting. In another study the author used the same IL [Bmim][TCM] to study and compare the compatibility of six different polymeric membranes for CO2 absorption (Dai et al., 2016a). A composite membrane of material Teflon-PP was observed to be more stable. Higher CO2 flux was observed for all types of membranes at high gas flow rates. [START_REF] Lu | CO2capture by membrane absorption coupling process: Experiments and coupling process evaluation[END_REF], ( 2014), ( 2015) and ( 2017 , as a chemical absorbent was able to achieve a higher membrane flux of 6.86 10 -4 mol m -2 s -1 compared to a physical absorbent [bmim][BF4], having a membrane flux of 2.12 10 -5 mol m -2 s -1 . IL [bmim][BF4] was very easy to regenerate, even at low temperature and vacuum degrees. IL [MEA][GLY], which is a protic amino acid functionalized IL could reach a membrane flux of 3.25 10 -4 mol m -2 s -1 . Mixture of [apmim][BF4] and AMP achieved a very high membrane flux of 1.05 × 10 -3 mol m -2 s -1 . [START_REF] Gómez-Coma | Non-dispersive absorption of CO2in [emim[END_REF] and [START_REF] Albo | Carbon Dioxide Capture from Flue Gases Using a Cross-Flow Membrane Contactor and the Ionic Liquid 1-Ethyl-3-methylimidazolium Ethylsulfate[END_REF] used IL 1-ethyl-3-methylimidazolium ethyl sulfate in their studies for CO2 absorption in membrane contactor. An overall mass transfer coefficient of 0.7 10 -6 m s -1 and enhancemnt factor of 1.2 was observed. [START_REF] Chau | Polyamidoamine-facilitated poly(ethylene glycol)/ionic liquid based pressure swing membrane absorption process for CO2 removal from shifted syngas[END_REF] and ( 2014) used 1-Butyl-3-methylimidazolium dicyanamide ( [Bmim][DCA]) for pressure swing membrane absorption process to absorb CO2 from low temperature shifted syngas. An increase in temperature from 298 K to 348 K has resulted a decrease in % CO2 (in CO2 product stream) from 89.9 % to 79.4 %. Increasing pressure from 100 psig to 250 psig resulted an increase in % CO2 from 89.9 % to 92.9 %.

This work aims to develop a pseudo-steady-state membrane contactor absorption process for CO2 absorption with four different imidazolium based ILs, 1-ethyl-3-methylimidazolium methyl sulfate

([emim][MeSO4]), 1-ethyl-3-methylimidazolium dicyanamide ([emim][DCA]
), 1-ethyl-3methylimidazolium ethyl sulfate ([emim][EtSO4]) and 1-ethyl-3-methylimidazolium acetate ([emim][AC]). To our knowledge it is the first time that ILs [emim][MeSO4] and [emim][DCA] have been tested for CO2 absorption in a membrane contactor. A mesoporous hydrophobic polypropylene (PP) membrane contactor was selected for current absorption process. ILs were allowed to flow through shell side in a closed loop to develop a pseudo-steady-state and to extensively study the variations in mass transfer kinetics and absorption behavior of ILs with increase in CO2 concentration in ILs. None of the detailed investigations of these phenomena have been performed previously. ILs [emim][MeSO4] [START_REF] Santos | Alkyl Chain Interaction at the Surface of Room Temperature Ionic Liquids: Systematic Variation of Alkyl Chain Length (R = C 1 -C 4 , C 8 ) in both Cation and Anion of [RMIM][R -OSO 3 ] by Sum Frequency G[END_REF][START_REF] Sumon | Ionic liquids for CO2 capture using COSMO-RS: Effect of structure, properties and molecular interactions on solubility and selectivity[END_REF]Yim et al., 2018), [emim][DCA] [START_REF] Almeida | Influence of the anion on the surface tension of 1-ethyl-3-methylimidazolium-based ionic liquids[END_REF][START_REF] Huang | Solubilities of Carbon Dioxide in 1-Ethyl-3-methylimidazolium Thiocyanate, 1-Ethyl-3methylimidazolium Dicyanamide, and 1-Ethyl-3-methylimidazolium Tricyanomethanide at (298.2 to 373.2K and (0 to 300.0) kPa[END_REF]Quijada-Maldonado et al., 2012), [emim][EtSO4] [START_REF] Carvalho | High pressure density and solubility for the CO2 + 1-ethyl-3-methylimidazolium ethylsulfate system[END_REF][START_REF] Fröba | Density, Refractive Index, Interfacial Tension, and Viscosity of Ionic Liquids[END_REF][START_REF] Jalili | Solubility and diffusion of CO2and H2S in the ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate[END_REF][START_REF] Quijada-Maldonado | Experimental densities, dynamic viscosities and surface tensions of the ionic liquids series 1-ethyl-3-methylimidazolium acetate and dicyanamide and their binary and ternary mixtures with water and ethanol at T =[END_REF]Soriano et al., 2009) and [emim] [Ac] [START_REF] Almeida | Influence of the anion on the surface tension of 1-ethyl-3-methylimidazolium-based ionic liquids[END_REF][START_REF] Quijada-Maldonado | Experimental densities, dynamic viscosities and surface tensions of the ionic liquids series 1-ethyl-3-methylimidazolium acetate and dicyanamide and their binary and ternary mixtures with water and ethanol at T =[END_REF][START_REF] Yim | Measurement and Correlation of CO2Solubility in 1-Ethyl-3-methylimidazolium ([EMIM]) Cation-Based Ionic Liquids[END_REF][START_REF] Yokozeki | Physical and chemical absorptions of carbon dioxide in room-temperature ionic liquids[END_REF] have been reported as excellent absorbents with high solubility for CO2 and moderate surface tensions which makes them very feasible to be used for CO2 absorption operation with hydrophobic membranes. Both ILs and PP fibers were characterized based on various techniques. LEP was calculated from surface tension and contact angle measurements to ensure no-wetting conditions. The setup was tested against various operating conditions. Variations of mass transfer kinetics with increase in CO2 concentration in four [emim] cation based ILs were systematically studied in terms of CO2 outlet concentration, experimental overall mass transfer coefficient, logarithmic means of the driving force, shell side mass transfer coefficient and mass transfer enhancement factor.

Experimental 2.1 Materials

ILs ([emim][MeSO4], ([emim][DCA]), ([emim][EtSO4]) and ([emim][AC]) with more than 95 % purity were purchased from Sigma-Aldrich. Carbon dioxide (99.7 % ±0.01 vol%) and Nitrogen (99.9 % ±0.001 vol%) were purchased from Air Liquide, Spain. A membrane contactor (1 x 5.5 MiniModule TM ) with hydrophobic hollow fibers was supplied by Liqui-Cel TM , USA. The modules consist of mesoporous polypropylene hollow fibers with 40 % porosity and mean pore diameter of 0.04 µm, potted with polyurethane. The detailed specifications of the membrane contactor are presented in Table 1. 

Materials characterization

ILs used in this work were characterized by measuring surface tension and contact angle. Surface tension was measured with a Langmuir device (KSV NIMA Langmuir-Blodgett) using a Wilhelmy plate made of platinum partially immersed in the IL. The apparatus determines the force (gravity, surface tension and buoyancy) on the plate due to surface tension. The contact angle of the ILs on membrane surface was measured by a contact angle meter (DIGIDROP-Modular contact angle technology, GBX). The instrument is able to measure contact angle with ±0.1 o of accuracy with maximum frame recording speed of 50/60 images/s. The associated software automatically controls the droplet volumes and its deposition on the surface. The software provides various polynomial and manual techniques to measure the average contact angle. Other characteristics of ILs as density, viscosity and CO2 solubility were calculated with correlations or taken from the literature.

The possible morphological changes of the membrane surface and its porous structure due to long term contact with ILs were investigated with scanning electron microscope (Hitachi S-4800 FE-SEM). Prior to SEM analysis, samples were sputter coated with platinum for 5 minutes to ensure better conductivity.

Samples were observed at an acceleration voltage of 2kv.

Experimental setup

A membrane contactor setup coupled with ILs, suitable for post-combustion applications, was applied in this current study. The setup is illustrated in Figure 1. The feed gas mixture containing 15 % CO2 and N2 (rest to balance) was introduced through the lumen side of the fibers. The gas mixture was kept in open loop conditions, i.e CO2 concentration at the gas side inlet was always kept constant (15 % by Vol). Gas mass flowmeters (Alicat scientific, MC-gas mass flow controller, Spain) were used to measure and control the flow of gases inside the fibers. The gas side pressure was nearly kept at atmospheric level. Operating conditions of the absorption process are presented in Table 2. The CO2 concentration at the inlet and outlet of the membrane contactor was analyzed by a CO2 analyzer (Geotech, G110 0-100%, UK). IL was kept in a reservoir, from where it was pumped through the shell side using a digital gear pump (Cole-Parmer Gear Pump System, Benchtop Digital Drive, 0.017 mL/rev, 220 VAC, Spain) to maintain a constant flowrate and avoid fluctuations. The IL was recirculated from the reservoir in a closed-loop. Liquid side pressure was always kept higher (but very far from LEP to avoid wetting) than the gas side to avoid penetration of the gas into the liquid side. Experimental setup was kept inside an oven and all experiments were carried out in controlled temperature environment to maintain isothermal conditions. ILs and gas stream were introduced to the module counter currently. During recirculation, IL absorbs CO2 on the gas liquid interface which accumulates on the shell side. CO2 concentration at the outlet gas stream was continuously monitored by CO2 analyzer. IL was recirculated for CO2 absorption until it reaches pseudosteady-state. After reaching pseudo-steady-state the CO2 desorption/stripping was initiated using an N2 sweep at various temperature levels. IL was recirculated similarly in a closed-loop. The CO2 desorbing from IL on the interface diffused inside the pores of membrane filled with N2, whose concentration was continuously analyzed at the gas side outlet. 

Theory 3.1 Mass transfer kinetics

The overall gas mass transfer in membrane contactor encounters three main resistances i.e. resistance in the gas phase, membrane and liquid phase. Resistance in series approach can be used to combine these individual resistances.

𝑅 𝑜𝑣 = 𝑅 𝑔 + 𝑅 𝑚 + 𝑅 𝑙 (1) 
A hollow fiber membrane contactor is used with gas on the lumen side and liquid on the shell side. The gas liquid interface is located on the outer boundary of the tubes assuming no wetting conditions. Considering an enhancement factor (E) for chemical reaction on the shell side, the equation can be written as below [START_REF] Ortiz | Separation of propylene/propane mixtures using Ag+-RTIL solutions. Evaluation and comparison of the performance of gas-liquid contactors[END_REF].

1 𝐾 𝑜𝑣 = 𝑑 𝑜 𝑘 𝑔 𝑑 𝑖 + 𝑑 𝑜 𝑘 𝑚 𝑑 𝑙𝑚 + 1 𝑘 𝑙 𝐻 𝑑 𝐸 (2)
In the above equation, 𝑘 𝑔 (𝑚 𝑠 -1 ), 𝑘 𝑚 (𝑚 𝑠 -1 ) and 𝑘 𝑙 (𝑚 𝑠 -1 ) are individual mass transfer coefficients of gas, membrane and liquid phase while 𝑑 𝑜 , 𝑑 𝑖 and 𝑑 𝑙𝑚 are the outer, inner and log mean diameters of the membrane fiber. 𝐻 𝑑 in the above equation represents dimensionless Henry's law constant. This parameter is very important as it represents CO2 solubility in ILs and is mostly used for RTILs [START_REF] Lei | Gas solubility in ionic liquids[END_REF][START_REF] Wang | Low viscosity triethylbutylammonium acetate as a task-specific ionic liquid for reversible CO2 absorption[END_REF]. Henry's law constant can be calculated by the following equation [START_REF] Luis | Zero solvent emission process for sulfur dioxide recovery using a membrane contactor and ionic liquids[END_REF][START_REF] Sander | Compilation of Henry's law constants (version 4.0) for water as solvent[END_REF].

𝐻 𝑑 = 𝐶 𝑔 * 𝐶 𝑙 * = 𝑦 * 𝑥 * 𝜌 𝑔 𝜌 𝑙 = 𝑦 * 𝑥 * 𝜌 𝑙 𝑃 𝑇 Ŕ𝑇 (3)
Where 𝑦 * and 𝑥 * represents equilibrium mole fractions of CO2 in gas and liquid phase at certain pressure and temperature, while 𝜌 𝑙 represents molar density (𝑚𝑜𝑙 𝐿 -1 ) of the liquid. Experimental PTx data (equilibrium mole fractions of CO2 between gas and liquid phase) for ILs [Ac] are available from the literature [START_REF] Carvalho | High pressure density and solubility for the CO2 + 1-ethyl-3-methylimidazolium ethylsulfate system[END_REF][START_REF] Huang | Solubilities of Carbon Dioxide in 1-Ethyl-3-methylimidazolium Thiocyanate, 1-Ethyl-3methylimidazolium Dicyanamide, and 1-Ethyl-3-methylimidazolium Tricyanomethanide at (298.2 to 373.2K and (0 to 300.0) kPa[END_REF][START_REF] Jalili | Solubility and diffusion of CO2and H2S in the ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate[END_REF][START_REF] Mejía | On the high-pressure solubilities of carbon dioxide in several ionic liquids[END_REF][START_REF] Soriano | Carbon dioxide solubility in some ionic liquids at moderate pressures[END_REF][START_REF] Yim | Measurement and Correlation of CO2Solubility in 1-Ethyl-3-methylimidazolium ([EMIM]) Cation-Based Ionic Liquids[END_REF][START_REF] Yokozeki | Physical and chemical absorptions of carbon dioxide in room-temperature ionic liquids[END_REF]. As reported previously, contributions of the gas and membrane phase can be neglected, by considering nonwetting conditions and gas filled membrane pores [START_REF] Ortiz | Separation of propylene/propane mixtures using Ag+-RTIL solutions. Evaluation and comparison of the performance of gas-liquid contactors[END_REF]. Equation 2can then be rewritten as below.

[emim][MeSO4], [emim][DCA], [emim][EtSO4] and [emim]
1 𝐾 𝑜𝑣 = 1 𝑘 𝑙 𝐻 𝑑 𝐸 (4)
Several empirical correlations have been proposed by different authors for shell side liquid mass transfer coefficient in parallel flow membrane contactor, depending upon the operating conditions of the liquid flowing and characteristics of the membrane contactor. The correlation developed by Li et al. has been used in this study as it closely meets the conditions of current absorption process [START_REF] Shen | Shell-side mass-transfer performance in hollow-fiber membrane contactors[END_REF].

𝑆ℎ 𝑠 = ( 𝑘 𝑙 𝑑 ℎ 𝐷 𝑙
) = (0.52 -0.64∅)𝑅 𝑒 (0.36+0.3∅) 𝑆 𝑐 0.33 ; 0 < 𝑅 𝑒 < 100; 0.30 < ∅ < 0.70

While 𝑑 ℎ , 𝐷 𝑙 , ∅, 𝑅 𝑒 and 𝑆 𝑐 are hydraulic diameter, CO2 diffusivity in liquid phase, packing fraction of membrane contactor, Reynolds number and Schmidt number, respectively. These parameters are calculated as under.

𝑑 ℎ = 𝑑 𝑐-𝑖 2 -𝑁𝑑 𝑜 2 𝑑 𝑐-𝑖 ∓𝑁𝑑 𝑜 (6) 
While 𝑑 𝑐-𝑖 , 𝑑 𝑜 and 𝑁 represent contactor inner diameter, fiber outer diameter and number of fibers, respectively. CO2 diffusivity in liquid phase was predicted by the correlation developed by [START_REF] Morgan | Diffusivities of gases in room-temperature ionic Liquids: Data and correlations obtained using a lag-time technique[END_REF].

𝐷 𝑙 = 2.66 . 10 -3 1 𝜇 𝐼𝐿 0.66 𝑣 𝐶𝑂 2 1.04 (7) 
Where 𝜇 𝐼𝐿 (𝑐𝑃) and 𝑣 𝐶𝑂 2 (𝑐𝑚 3 . 𝑚𝑜𝑙 -1 ) are viscosity of IL and molar volume of CO2. The correlation developed by Morgan et al. is very well known for CO2 diffusivities in imidazolium cation based ILs with different anions and has been confirmed experimentally by many authors [START_REF] Moganty | Diffusivity of Carbon Dioxide in Room-Temperature Ionic Liquids[END_REF][START_REF] Zubeir | Solubility and Diffusivity of CO<inf>2</inf> in the Ionic Liquid 1-Butyl-3-methylimidazolium Tricyanomethanide within a Large Pressure Range (0.01 MPa to 10 MPa)[END_REF]. Reynolds number is calculated as follows.

𝑅 𝑒 = 4𝜌 𝐼𝐿 𝑄 𝜋𝜇 𝐼𝐿 (𝑑 𝑐-𝑖 +𝑁𝑑 0 ) (8)
The CO2 mass transfer flux can be calculated from the following equation.

𝑗 𝐶𝑂 2 -𝑔 = 1 𝐴 ( 𝑑ñ 𝑑𝑡 ) = 𝑄 𝑔-𝑖𝑛 𝐶 𝑔-𝑖𝑛 -𝑄 𝑔-𝑜𝑢𝑡 𝐶 𝑔-𝑜𝑢𝑡 𝐴 = 𝐾 𝑒𝑥𝑝 ∆𝐶 𝑔-𝑙𝑚 (9) 
Where ñ represents moles of CO2, 𝑄 𝑔-𝑖𝑛 and 𝑄 𝑔-𝑜𝑢𝑡 are gas side inlet and outlet flow rates(𝑚 3 . 𝑠 -1 ), respectively, 𝐶 𝑔-𝑖𝑛 and 𝐶 𝑔-𝑜𝑢𝑡 are gas side inlet and outlet concentrations(𝑚𝑜𝑙. 𝑚 -3 ) of CO2, respectively, while 𝐾 𝑒𝑥𝑝 denotes the experimental overall mass transfer coefficient (𝑚 𝑠 -1 ). 𝐾 𝑒𝑥𝑝 can be calculated from mass transfer flux and concentration gradient. ∆𝐶 𝑔-𝑙𝑚 in the above equation represents logarithmic mean of the driving force which can be calculated using the equation below.

∆𝐶 𝑔-𝑙𝑚 = 

The final equation for the surface reaction rate (𝐾 𝑟 ) of CO2 with IL is expressed as;

𝐾 𝑟 = 𝐾 𝑒𝑥𝑝 ( 𝐴 𝑉 𝑔 ) (15) 
The kinetic constant 𝐾 𝑟 (𝑠 -1 ) represents first order gas liquid reaction, which will be used to quantify the chemical absorption potential of ILs and its variation with increase of CO2 concentration in ILs as it is directly proportional to experimental overall mass transfer coefficient.

Modeling approaches

A two-dimensional (2D) modelling approach was used to develop a dynamic model for the pseudo-steadystate process explained in section 2.3. Membrane characteristics and operating conditions for the model were adopted from Tables 1 and2 

Model equations

Mass and momentum differential balance based on the above-mentioned assumptions for hydrodynamics and thermodynamics are presented below.

𝜕𝐶 𝑖 𝜕𝑡 = -∇. 𝐶 𝑖 𝑈 -∇. 𝑗 𝑖 (16) 
In the above equation C i (mol. m -3 ), U (ms -1 ) and j i (mol. m -2 . s -1 ) represents concentration of the solute, velocity and mass transfer flux, respectively. For the gas (equation 17), membrane (equation 18) and liquid (equation 19), the above equation is written as below. 

For the fluid in the lumen side Hagen-Poiseuille equation with no slip conditions leads to a fully developed velocity profile, while for the velocity in shell side Happel's free surface model was used [START_REF] Happel | Viscous flow relative to arrays of cylinders[END_REF].

𝑈 𝑧,𝑔 = 2𝑢 𝑔 [1 -( 𝑟 𝑟 1 ) 2 ] ( 20 
)
𝑈 𝑧,𝑙 = 2𝑢 𝑙 [1 -( 𝑟 2 𝑟 3 ) 2 ] (𝑟 𝑟 3 ⁄ ) 2 -(𝑟 2 𝑟 3 ⁄ ) 2 +2ln (𝑟 2 𝑟 ⁄ ) 3+(𝑟 2 𝑟 3 ⁄ ) 4 -4(𝑟 2 𝑟 3 ⁄ ) 2 +4𝑙𝑛 (𝑟 2 𝑟 3 ⁄ ) , 𝑟 3 = 𝑟 2 √ 1 1-∅ , 1 -∅ = 𝑁𝑟 2 2 𝑟 𝑐-𝑖 2 (21)
Diffusivity of CO2 in the gas (𝐷 𝑔 ) and ionic liquid (𝐷 𝑙 ) are measured by correlations developed by [START_REF] Fuller | A new method for prediction of binary gas-phase diffusion coefficients[END_REF] and [START_REF] Morgan | Diffusivities of gases in room-temperature ionic Liquids: Data and correlations obtained using a lag-time technique[END_REF], respectively. The later diffusivity correlation is presented in the preceding section as of equation 7. While for the membrane (𝐷 𝑚 ), combined effects of gas diffusivity, 𝐷 𝑔 and Knudsen diffusivity 𝐷 𝐾𝑛 were considered (details in supplementary data).

𝐷 𝑔 = 0.01013.𝑇 1.75 (

1 𝑀 𝐶𝑂 2 + 1 𝑀 𝑁 2 ) 0,5 𝑃 [(∑ ῡ 𝐶𝑂 2 ) 1 3 +(∑ ῡ 𝑁 2 ) 1 3 ] 2 (22) 
Details of the temperature dependency of the viscosity are presented in supplementary data section 1.1. ; at 𝑡 = 0, 𝐶 𝑟,𝑖𝑛 = 0;

𝒯 𝐼𝐿 = 𝑉 𝐼𝐿 𝑄 𝐼𝐿 (24) 
The term 𝐶 𝑟,𝑜𝑢𝑡 (𝑡 + ∆𝑡) corresponds to the outlet concentration of the reservoir at time 𝑡 + ∆𝑡, which is input to the shell side of the contactor. Coupling the above-mentioned equation develops a pseudosteady-state for which the boundary conditions (BCs) are presented below.

Boundary conditions

BCs for the mass balance equations of the three domains and IL reservoir are presented in Table 3 below. The interfacial gas liquid equilibrium is considered at boundary 𝑟 2 which was defined by dimensionless Henry's law constant 𝐻 𝑑 . 

Meshing and numerical resolution

An appropriate mesh is necessary for finite element analysis. For the current symmetrical geometry a refined mapped meshing was selected across the three domains. More refined mesh was applied inside the mesoporous membrane using for both rectangular shaped elements in accordance with the two directions (r, z) of the mass transport as presented in Figure S 1 of the supplementary data.

The set of equations presented in the preceding sections were coupled and solved using COMSOL Multiphysics® (version 5.3a, 2018) and MATLAB R2017a using LiveLink™ for MATLAB®. The finite element method was used which considers the piecewise polynomial interpolation over the domains and numerically resolves these equations at each of the nodes. A fully coupled process was applied with BDF time stepping and strict steps for the solver. The 2D equation system was scaled down axially due to a large difference between r and z directions and to prevent a high number of elements in the axial direction. Axial coordinate, length of the fiber, interstitial velocities and diffusion coefficients in axial direction were divided by the corresponding scale factor.

Results and discussion

ILs and membrane properties and characterization 4.1.1 IL properties and characterization

Various properties need to be considered for an absorbent to be used in membrane contactors, including viscosity, surface tension, CO2 diffusivity, CO2 solubility and thermal stability of the absorbent.

CO2 solubility and inverse Henry's law constant (Hpx (MPa), details in supplementary data), are important parameters to characterize the capacity of ILs for CO2 absorption. A low value of the inverse Henry's law constant indicates very high gas solubility [START_REF] Anthony | Solubilities and thermodynamic properties of gases in the ionic liquid 1-n-butyl-3-methylimidazolium hexafluorophosphate[END_REF][START_REF] Lei | Gas solubility in ionic liquids[END_REF]. The magnitude of this constant also indicates the physical and chemical nature of the absorption. Smaller values of inverse Henry's law constant (Hpx <3MPa) denote the chemical absorption nature of the absorbent for CO2 [START_REF] Wang | Low viscosity triethylbutylammonium acetate as a task-specific ionic liquid for reversible CO2 absorption[END_REF][START_REF] Yokozeki | Physical and chemical absorptions of carbon dioxide in room-temperature ionic liquids[END_REF]. Table 4 shows equilibrium concentration of CO2 in IL at specified pressure and temperature and inverse Henry's law constants. According to the values reported in the table (from literature), in terms of CO2 solubility the four ILs are ranked as:

[emim] [AC] > [emim] [MeSO4] > [emim] [EtSO4] > [emim] [DCA].
Viscosity is another important parameter, which affects the flow of absorbent in membrane contactors and also affects the diffusivity of CO2 in the absorbent. A higher viscosity not only reduces the overall mass transfer coefficient but also increases the liquid side pressure drop in membrane contactors, especially when operating at low temperatures [START_REF] Zhao | Status and progress of membrane contactors in post-combustion carbon capture: A state-of-the-art review of new developments[END_REF] [AC] at 298 K are reported to be 1.15 10 -5 cm 2 s -1 , 3.9 10 -6 cm 2 s -1 , 3.38 10 -6 cm 2 s -1 and 2.64 10 -6 cm 2 s -1 , respectively. Diffusivity of [emim] [DCA] is one magnitude higher than diffusivities of other three ILs due to far lower viscosity compared to other ILs. In terms of viscosity and diffusivity these ILs can be ranked as

[emim] [DCA] > [emim] [MeSO4] > [emim] [EtSO4] > [emim] [AC].
Surface tension is an important parameter for absorbents to be used with porous membrane contactors as it can describe the pore wetting resistance of membrane for absorbents and affects the LEP which is a critical parameter to prevent pore wetting of membrane [START_REF] Zhao | Status and progress of membrane contactors in post-combustion carbon capture: A state-of-the-art review of new developments[END_REF]. Values of surface tension for all four ILs were measured by the method described in section 2.2 and reported in Table 4, the contact angle for water was also measured and reported as reference. Values of surface tension show a gradual decrease with increase in temperature. IL [emim] [MeSO4] shows the highest surface tension of 52.6 mN m -1 at 288 K, among all ILs. [START_REF] Yokozeki | Physical and chemical absorptions of carbon dioxide in room-temperature ionic liquids[END_REF] 1.099 [START_REF] Nazet | Densities, Viscosities, and Conductivities of the Imidazolium Ionic Liquids[END_REF] 141.1 [START_REF] Nazet | Densities, Viscosities, and Conductivities of the Imidazolium Ionic Liquids[END_REF] 2.64 This Work

46.8 This Work ----1.087 [START_REF] Nazet | Densities, Viscosities, and Conductivities of the Imidazolium Ionic Liquids[END_REF] 78.2 [START_REF] Nazet | Densities, Viscosities, and Conductivities of the Imidazolium Ionic Liquids[END_REF] 3.90 This Work 45.9 This Work

Membrane properties and characterization

Selection of membrane is also very important for membrane contactor gas liquid absorption process. In this study, a mesoporous hydrophobic polypropylene membrane is used. PP material is resistant to dissolution in solvents and is suitable for low temperature applications [START_REF] Mansourizadeh | Hollow fiber gas-liquid membrane contactors for acid gas capture: A review[END_REF].

Surface morphology of membrane was characterized by SEM analysis to investigate effect of long-term contact between ILs and the membrane. The surface of the porous membrane was analyzed before and after immersion for 20 days in ILs. [START_REF] Wang | Influence of membrane wetting on CO2 capture in microporous hollow fiber membrane contactors[END_REF] has reported significant changes in surface morphologies and degradation due to various solvents. In present work, however no evident changes can be observed for all ILs. Contact angle measurements were carried out to confirm the absence of pore wetting and of degradation due to solvent as suggested by SEM observations above. The contact angle represents the polarity difference between the membrane surface and the fluid [START_REF] Gabelman | Hollow fiber membrane contactors[END_REF]. (Zhao et al., 2015a(Zhao et al., , 2015b)). LEP defines the minimum pressure applied on the liquid to enter the membrane pores, which is estimated by Laplace-Young equation [START_REF] Gabelman | Hollow fiber membrane contactors[END_REF][START_REF] Kumar | New absorption liquids for the removal of CO2 from dilute gas streams using membrane contactors[END_REF] given below.

𝐿𝐸𝑃 = ∆𝑃 = - 4𝐵ϒ cos 𝜃 𝑑 𝑚𝑎𝑥 (16) 
Where B represents pore geometry coefficient (B=1 for cylindrical pores; 0 < B < 1 for non-cylindrical pores), θ is the contact angle between liquid absorbent and membrane and dmax is the maximum pore diameter of the membrane. According to Laplace-Young equation LEP is favored by smaller pore size and higher surface tensions. LEP of all ILs and water for membrane contactor (characteristics in Table 1) used in current study are presented in Table 5. Transmembrane pressure for the current absorption process in membrane contactor was kept lower than the measured LEP, to avoid wetting of the pores. 

CO2 absorption in membrane contactor

CO2 absorption experiments were carried out with four ILs coupled with PP membrane contactor and according to the method explained in section 3.3. Evolution of gas phase output concentration against operation time is presented in Figure S 4 and S 5 of the supplementary data. Efficiency of the absorption process was evaluated at different gas flow rates and process temperatures. CO2 removal efficiency is generally favored by lower gas flowrates. An increase in gas flowrate reduces the CO2 removal efficiency due to minimal residence time of gas inside the contactor [START_REF] Yan | Experimental study on the separation of CO2from flue gas using hollow fiber membrane contactors without wetting[END_REF][START_REF] Yeon | Application of pilot-scale membrane contactor hybrid system for removal of carbon dioxide from flue gas[END_REF]. Despite the fact of reduction in efficiency with increase in gas flowrate, there is enhancement in the mass transfer due to greater average concentration of CO2 on the gas side due to which the amount of CO2 on the liquid side increases [START_REF] Li | Review of CO2absorption using chemical solvents in hollow fiber membrane contactors[END_REF][START_REF] Zhang | Modeling and experimental study of CO2absorption in a hollow fiber membrane contactor[END_REF]. The CO2 removal efficiency was found from equation below.

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = (1 - 𝐶 𝑔-𝑜𝑢𝑡 𝐶 𝑔-𝑖𝑛 ) 100 (17) 
Figure 3 shows CO2 removal efficiency based on the output gas phase, at different gas flowrates. Initially the CO2 concentration at the output gas phase increases very fast and slows down with time until reaching pseudo-steady-state. At this stage, the increase in CO2 concentration becomes very slow and concentration can be considered constant with time. At lower gas flowrates the efficiency remains almost 100%, initially, as the IL is able to absorb more CO2. Absorption with IL [emim] [EtSO4] shows 98% efficiency even after 20 minutes and 15 minutes of recirculation at gas flowrate of 50 ml.min -1 and 70 ml.min -1 , respectively. Generally, ILs dissolve a certain amount of CO2, which is mostly considered to be physisorption for RTILs [START_REF] Gurau | Demonstration of chemisorption of carbon dioxide in 1,3-dialkylimidazolium acetate ionic liquids[END_REF][START_REF] Maginn | Design and evaluation of ionic liquids as novel CO2 absorbents[END_REF]. However, the initial faster absorption can be explained as of the complex formation at gas liquid interface, which is more chemical in nature, as the IL has very lower CO2 concentration during initial recirculation. The absorption becomes slower with time due to physical absorption in the bulk of the liquid and due to lower diffusivities of the ILs, until it reaches pseudo-steady-state. Gas flowrate has evident effect on the outlet concentration and removal efficiency of CO2. For ILs [emim] [MeSO4] and [emim] [DCA] after 10 minutes, a decrease in removal efficiency of 43 % and 58 %, respectively, was observed by using 50 ml.min -1 gas flowrate instead of 20 ml.min -1 . For [emim] [EtSO4] after 10 minutes an efficiency drop of 28 % was recorded by increasing the gas flowrate from 50 ml.min -1 to 100 ml.min -1 . After 60 minutes of recirculation, the efficiency drop for [emim] [AC] was 20 % by applying 200 ml.min -1 gas flowrate instead of 100 ml.min -1 . Apart from few exceptions, the pseudo-steady-state efficiency was not much affected by the gas flowrate. IL [emim][AC] was observed to be far more efficient than other ILs, as even at the highest gas flowrate (200 ml.min -1 ) it took 280 minutes to reach pseudo-steady-state. This phenomenon can also be confirmed from its very lower value of Henry constant (Table 4). Despite being a RTIL, CO2 absorption in IL [emim] [AC] is considered to be chemisorption [START_REF] Gurau | Demonstration of chemisorption of carbon dioxide in 1,3-dialkylimidazolium acetate ionic liquids[END_REF][START_REF] Yokozeki | Physical and chemical absorptions of carbon dioxide in room-temperature ionic liquids[END_REF]. Gas flowrates were selected for ILs according to their performance. ILs operated at low gas flow rates were not able to withstand absorption for enough time at high flowrates, while those operated at high gas flowrates were too slow to reach pseudo-steadystate at low gas flowrates.

ILs used are thermally stable and there is no effect on the vapor pressure in the investigated range of current study (results not presented here). Temperature has two opposite effects on the absorption of CO2 in ILs. It decreases viscosity of the IL thus enhances CO2 diffusivity in ILs (Table 4). But CO2 solubility in RTILs is negatively affected by temperature. An increase in temperature reduces the CO2 solubility and increases the inverse Henry's law constant [START_REF] Lei | Gas solubility in ionic liquids[END_REF][START_REF] Okoturo | Temperature dependence of viscosity for room temperature ionic liquids[END_REF]). Henry's law constant ( 

Mass transfer kinetics 4.3.1 Mass transfer coefficient and CO2 flux: Effect of gas flowrate, temperature and CO2 loading

As discussed in previous section, increase in gas flowrate enhances mass transfer of CO2 and its concentration on the liquid side. This can be confirmed from Figure 5. Both mass transfer flux and experimental overall mass transfer coefficient increase with increase in gas flowrate. For both ILs [emim]

[MeSO4] and [emim] [DCA], initially, increasing gas flow rate from 20 ml min -1 to 50 ml min -1 increased CO2 flux and experimental mass transfer coefficient from 1.2 10 -5 mol m -2 s -1 to 3.1 10 -5 mol m -2 s -1 and 9.3 10 - 6 m s -1 to 2.3 10 -5 m s -1 , respectively. IL [emim] [EtSO4] showed an increase from 3.1 10 -5 mol m -2 s -1 to 6.2 10 -5 mol m -2 s -1 and 2.3 10 -5 m s -1 to 4.6 10 -5 m s -1 , respectively, when gas flowrate was increased from 50 ml min -1 to 100 ml min -1 . For IL [emim] [AC] increasing gas flow rate from 100 ml min -1 to 200 ml min -1 increased CO2 flux and experimental mass transfer coefficient from 6.2 10 -5 mol m -2 s -1 to 1.2 10 -4 mol m -2 s -1 and 4.6 10 -5 m s -1 to 9.3 10 -5 m s -1 , respectively. Liquid phase mass transfer coefficient remained unaffected by variations in gas flowrate. 3 10 -6 m s -1 to 4.5 10 -6 m s -1 , 1.7 10 -6 m s -1 to 10.3 10 -6 m s -1 , 2.1 10 -6 m s -1 to 4.0 10 -6 m s -1 and 1.4 10 -6 m s -1 to 3.1 10 -6 m s -1 , respectively by increasing temperature from 288 K to 313 K. 

Enhancement factor and first order rate constant: Effect of CO2 loading

During recirculation, ILs continuously absorbs CO2, which accumulates on the shell side of the contactor. This accumulation slows down the gradient and then the mass transfer process and absorption kinetics as it has been explained in section 4.2. This phenomenon is explained here in terms of enhancement factor and first order rate constant. In Figure 8 Table 6 shows values of experimental mass transfer coefficient, CO2 loading of the ILs and enhancement factors at initial time (ti) and when the absorption reaches steady state (ts). A smaller increment in temperature has considerably affected the CO2 loadings. The experimental mass transfer coefficient seems to be unaffected with increase in temperature, initially. After some recirculation this coefficient was reported to be lower at high temperatures. There was a significant decrease in enhancement factor with increase in temperature. 

Modelling discussion

This section discusses the results obtained from the simulation of the 2D dynamic model developed for the experimental setup presented in the section 2.3. Fresh and unloaded ILs were considered for countercurrent recirculation through the shell side in a closed loop. Gas mixture (15 % CO2 and N2 rest to balance) was considered in open loop passing through the lumen side. Simulations of the variation in normalized gas side outlet concentration against time were plotted and compared with the experimental data, as presented in Figure 9. Operating conditions were adopted from Table 2 of the experimental section to compare the agreement between simulations and experimental data. The pseudo-steady-state 2D dynamic model was able to closely predict the experimental data within a range of 2-5 % standard deviation. 

Conclusion

This work investigates the separation performance of four [emim] cation based ILs coupled with PP membrane contactor in a closed loop for post-combustion CO2 capture at moderate temperature and pressure. A detailed analysis of pseudo-steady-state absorption process and variations in absorption kinetics with increase in CO2 concentration of the IL in membrane contactor was conducted. A dynamic modelling approach was also implemented to predict the pseudo-steady-state experimental behavior of the system. These ILs were screened and characterized based on thermogravimetric analysis, viscosity and surface tension measurements and CO2 solubilities. SEM analysis of the fibers, contact angle of the ILs with the fiber and LEP were measured to ensure no wetting and degradability of the fibers and efficient coupling of the ILs with the membrane contactor. As the absorption experiments were performed at moderate pressure and transmembrane pressure was kept below LEP, no considerable wetting was witnessed, and the results were highly reproducible after long-term operations on a membrane contactor. Very high CO2 mass transfer flux and experimental mass transfer coefficients were obtained during initial recirculation of the ILs. The absorption process was pseudo-steady-state in which the absorption rate was continuously evolving due to the accumulation of CO2 on the liquid side leading to a decrease in driving force for mass transfer and other absorption kinetics of the ILs. The absorption process with the passage of operation time, lead to reach a steady state where the absorption rate became nearly constant. The absorption performance was more affected by gas flowrate and less affected by operation temperature.

The absorption behavior was also investigated based on enhancement factor and first order rate constant.

Based on the results, the initial faster absorption can be attributed as gas liquid interfacial chemisorption where the enhancement factor and first order rate constant were much higher compared to its values at higher operation times. The huge drop in these values confirmed the later absorption to be shifted to the bulk of the liquid which is mostly dependent on the diffusivity of the CO2 in ILs. Although these ILs showed better absorption performance, another work on ILs and water mixtures and coupled absorptiondesorption process is under study.

  ), developed membrane absorption and vacuum regeneration unit for absorption and regeneration/stripping of CO2 with ILs 1-butyl-3-methyl-imidazolium tetrafluoroborate ([bmim][BF4]), 1-(3-aminopropyl)-3-methylimidazolium tetrafluoroborate ([apmim][BF4]), monoethanolamine glycinate ([MEA][GLY]) and mixture of 2-amino-2-methyl-1-propanol (AMP) with [bmim][BF4] and [apmim][BF4]. IL [apmim][BF4]

Figure 1 .

 1 Figure 1. Schematic representation of the experimental setup; 1-CO2 and N2 gas cylinders, 2-Gas flowmeters, 3-membrane module, 4-Ionic liquid Reservoir, 5-Gear Pump, 6-CO2 analyzer, 7-Computer connected to CO2 analyzer

  of the experimental section. The process was based on pseudo-steadystate conditions in which IL was recirculated in a closed loop while gas could flow in an open loop. The following hydrodynamic and thermodynamic assumptions were taken for the development of the model: a) Pseudo-steady-state (IL in closed loop while gas in open loop) and isothermal conditions b) Countercurrent mode for gas and IL flow in membrane contactor c) Laminar flow with Fully developed velocity profile in the shell and tube d) Ideal gas behavior e) Application of Henry's law on gas-liquid interface for CO2 with neglected solubility of N2 f) Non-wetted membrane (unless mentioned) with no selectivity g) Membrane mass transfer using Fick's diffusion through porous media and neglecting convective contributions h) Contributions of advection and diffusion to mass balance solved by considering local concentrations i) Perfectly stirred absorbent tank

  Figure 2 shows SEM of the surface and porous structure of membrane before and after immersion in IL [emim][MeSO4]. Similar effects were confirmed for other three ILs. These SEM confirm that there are no noticeable effects of ILs on surface and porous structure of PP membrane.

Figure 2 .

 2 Figure 2. Scanning electron micrographs for (A) non-immersed PP fibers surface; (B) surface of PP fibers immersed for 20 days in [emim] [MeSO4], (C) non-immersed PP fiber pores (D) pores of PP fibers immersed for 20 days in [emim] [MeSO4]

Figure 3 .

 3 Figure 3. CO2 removal efficiency against operation time for IL (a) [emim] [MeSO4], (b), [emim] [DCA] (c) [emim] [EtSO4] and (d) [emim] [Ac] at 𝑇 = 288 𝐾 and 𝑄 𝐼𝐿 = 60 𝑚𝑙 𝑚𝑖𝑛 -1 .

Figure 4 .

 4 Figure 4. CO2 removal efficiency against operation time for IL (a) [emim] [MeSO4] (𝑄 𝑔 = 20 𝑚𝑙 𝑚𝑖𝑛 -1 ), (b) [emim] [DCA] (𝑄 𝑔 = 20 𝑚𝑙 𝑚𝑖𝑛 -1 ), (c) [emim] [EtSO4] (𝑄 𝑔 = 50 𝑚𝑙 𝑚𝑖𝑛 -1 ) and (d) [emim] [Ac] (𝑄 𝑔 = 100 𝑚𝑙 𝑚𝑖𝑛 -1 ) at 𝑄 𝐼𝐿 = 60 𝑚𝑙 𝑚𝑖𝑛 -1 .

Figure 5 .

 5 Figure 5. Effect of gas flowrate on CO2 flux ( 𝑗 𝐶𝑂 2 ) and experimental mass transfer coefficient (𝐾 𝑒𝑥𝑝 ) for IL (a) [emim] [MeSO4], (b), [emim] [DCA] (c) [emim] [EtSO4] and (d) [emim] [Ac] at 𝑇 = 288 𝐾 and 𝑄 𝐼𝐿 = 60 𝑚𝑙 𝑚𝑖𝑛 -1 . As discussed previously, temperature affects both diffusion coefficient and Henry's law constant, which has opposite effects on mass transfer performance. To see the effect of temperature on mass transfer flux and experimental mass transfer coefficient values were taken after few minutes of recirculation. The effects can be observed in Figure 6. Both mass transfer flux and experimental mass transfer coefficient decrease with temperature ehancement. However, the effect is much smaller compared to gas flowrate. Liquid side mass transfer coefficient is a function of diffusivity, Reynolds number and Schmidt number (equation 5). Liquid side mass transfer coefficients show considerable amount of increase with increase in temperature as all the above-mentioned parameters are temperature dependent. For ILs [emim] [MeSO4], [emim] [DCA], [emim] [EtSO4] and [emim] [AC] liquid mass transfer coefficient increases from 2.3 10 -6 m s -1 to 4.5 10 -6 m s -1 , 1.7 10 -6 m s -1 to 10.3 10 -6 m s -1 , 2.1 10 -6 m s -1 to 4.0 10 -6 m s -1 and 1.4 10 -6 m s -1 to 3.1 10 -6 m s -1 , respectively by increasing temperature from 288 K to 313 K.

Figure 6 .

 6 Figure 6. Effect of operation temperature on CO2 flux ( 𝑗 𝐶𝑂 2 ), experimental mass transfer coefficient (𝐾 𝑒𝑥𝑝 ) and liquid mass transfer coefficient (𝐾 𝑙 ) for ILs (a) [emim] [MeSO4] (𝑄 𝑔 = 20 𝑚𝑙 𝑚𝑖𝑛 -1 ), (b) [emim] [DCA] (𝑄 𝑔 = 20 𝑚𝑙 𝑚𝑖𝑛 -1 ), (c) [emim] [EtSO4] (𝑄 𝑔 = 50 𝑚𝑙 𝑚𝑖𝑛 -1 ) and (d) [emim] [Ac] (𝑄 𝑔 = 100 𝑚𝑙 𝑚𝑖𝑛 -1 ) at 𝑄 𝐼𝐿 = 60 𝑚𝑙 𝑚𝑖𝑛 -1 . CO2 mass transfer flux and experimental mass transfer coefficients are continuously evolving with operation time as shown in Figure 7. These values decrease until it reaches a lower value at pseudosteady-state where it becomes almost constant. It nearly takes 50-70 minutes for these values to be stable in case of [emim] [MeSO4], [emim] [DCA] and [emim] [EtSO4] while for [emim] [AC] the time to reach pseudo-steady-state is nearly 280 minutes. The driving force for the mass transfer here is concentration gradient which continuously evolves with operation time due to accumulation of CO2 on the liquid side. Both mass transfer flux and experimental mass transfer coefficient depend upon the logarithmic mean of the driving force according to equation 9. Logarithmic mean of the driving force continuously evolves due to the evolution of CO2 concentration in the gas phase (𝐶 𝑔 * ) in equilibrium with the corresponding CO2 concentration in the liquid phase (𝐶 𝑙 *). The equilibrium at gas liquid interface was defined by Henry's law constant.

Figure 7 .

 7 Figure 7. Variation of CO2 flux ( 𝑗 𝐶𝑂 2 ) and experimental mass transfer coefficient (𝐾 𝑒𝑥𝑝 ) with operation time for four ILs (a) [emim] [MeSO4] (𝑄 𝑔 = 20 𝑚𝑙 𝑚𝑖𝑛 -1 ), (b) [emim] [DCA] (𝑄 𝑔 = 20 𝑚𝑙 𝑚𝑖𝑛 -1 ), (c) [emim] [EtSO4] (𝑄 𝑔 = 50 𝑚𝑙 𝑚𝑖𝑛 -1 ) and (d) [emim] [Ac] (𝑄 𝑔 = 100 𝑚𝑙 𝑚𝑖𝑛 -1 ) at 𝑇 = 288 𝐾 and 𝑄 𝐼𝐿 = 60 𝑚𝑙 𝑚𝑖𝑛 -1 .

  we can notice that absorption rate changes with time. Initially CO2 loading increases very rapidly but slows down with time as far as the number of recirculation loops increases. During the first ten minutes, [emim][MeSO4], [emim][DCA] and [emim] [EtSO4] absorbs respectively 56 %, 48 % and 48 % of the total CO2 absorbed, the rest of the CO2 is absorbed during the last 70 minutes of the process. In case of [emim][Ac], the total absorption time was 280 minutes out of which 34 % CO2 was absorbed in first 10 minutes. The slow absorption rate of the ILs might be due to two reasons. Physical absorption in the bulk, which hinders the mass transfer due to high viscosity of ILs and low diffusivities and low driving force (concentration difference) due to high CO2 loading in initial minutes. The enhancement factor is used to quantify the improvement of mass transfer due to the presence of chemical reaction. The results show strong dependency of the enhancement factor on CO2 concentration in IL. It is evident from figure that the enhancement factor drops very rapidly in the first minutes of absorption and then slows down (almost reaches to a negligible value) as absorption reaches pseudosteady-state. The decrease in enhancement factor shows that increase in CO2 loading is reducing the mass transfer enhancement due to chemical reaction. The enhancement factor for IL [emim] [AC] is much higher than other ILs. Based on the enhancement factor the mass transfer enhancement of CO2 in these ILs can be ranked as [emim] [AC] >> [emim] [EtSO4] > [emim] [MeSO4] > [emim] [DCA]. First order rate constant is another parameter considered to predict the changes in the absorption behavior with increase in CO2 concentration in ILs. The first order rate constant shows strong dependency on CO2 concentration in ILs as it decreases very rapidly in the first minutes of absorption. Based on the first order rate constant the initial fast absorption can be considered as interfacial chemical absorption in which the mass transfer happens only at the interface. After enough recirculations of the IL, CO2 absorption at the interface becomes negligibly small and CO2 diffuses through the bulk of the ILs. Based on the first order rate constant, ILs can be ranked as [emim] [AC] > [emim] [EtSO4] > [emim] [MeSO4] > [emim] [DCA].

Figure 8 .

 8 Figure 8. Evolution of enhancement factor (E), first order rate constant (Kr) and CO2 loading (α) with operation time for IL (a) [emim] [MeSO4], (b), [emim] [DCA] (c) [emim] [EtSO4] and (d) [emim] [Ac] at 𝑇 = 313 𝐾 and 𝑄 𝐼𝐿 = 60 𝑚𝑙 𝑚𝑖𝑛 -1 .

Figure 9

 9 Figure 9 Comparison of simulation with experimental data under non-wetting assumption (a) [emim] [MeSO4], [emim] [DCA] and [emim] [EtSO4] at 𝑄 𝑔 = 50 𝑚𝑙 𝑚𝑖𝑛 -1 (b) [emim] [Ac] at 𝑄 𝑔 = 100 𝑚𝑙 𝑚𝑖𝑛 -1 ; 𝑇 = 288 𝐾, 𝑄 𝐼𝐿 = 60 𝑚𝑙 𝑚𝑖𝑛 -1 , 𝐶𝑂 2 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑎𝑟𝑡𝑖𝑜𝑛 = 15 % 𝑣𝑜𝑙 A sensitivity analysis was carried out for IL [emim] [MeSO4]. As the IL was considered in a closed loop which leads the process to reach a pseudo-steady-state due to continuous loading of CO2 to the IL. At pseudo-steady-state the CO2 loading becomes very slow and constant. Operating time (IL recirculation time) to reach pseudo-steady-state is dependent upon the operating conditions which was analyzed in the current study against gas and liquid flowrates. Figure 10 presents dependency of the operation time to reach pseudo-steady-state upon gas and liquid flowrates. The results clearly demonstrated the dominancy of the gas flowrate over liquid flowrate. When the liquid flowrate was fixed at 40 ml min -1 , an increase in gas flowrate by 40 ml min -1 has decreased the operating time to reach pseudo-steady-state by 42 minutes. It clearly describes the increased mass transfer flux at higher gas flowrates which causes the IL to reach quickly to the target loading value. A decrease of only 4 minutes in operating time was observed by increasing liquid flowrate by 40 ml min -1 , at a fixed gas flowrate of 50 ml min -1 .

Figure 2

 2 Figure 2 Dependency of the operating time over gas and liquid flowrates; 𝑇 = 288 𝐾, 𝐶𝑂 2 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑎𝑟𝑡𝑖𝑜𝑛 = 15 % 𝑣𝑜𝑙. Although the assumptions of non-wetted membrane seem to be validated following the agreements of simulation and experimental results presented in Figure 9, a partial wetting analysis was carried out to observe its effect on the CO2 flux and IL loading for long term operatibility. Long term operations and pressure variations can cause penetration of the liquid into the pores of porous membrane causing partial wetting of the membrane and leading to a huge drop in the CO2 flux. Penetration of the viscous IL into the pores of the membrane can lead to a zero flux across the membrane if the wetting dominates the membrane. Figure 11 demonstrates the effect of partial wetting on the CO2 flux and maximal IL loading after 60 minutes of operation. It's very clear that the effect is much stronger in the beginning as a drop of nearly one half of the flux was noted for 5 % wetting of the membrane. The drop in the mass transfer flux affects the accumulation of CO2/CO2 loading in the IL. The maximal CO2 loading (60 minutes of operation time) decreases by 67 % when the membrane is 20 % wetted compared to non-wetted membrane.

Figure 11

 11 Figure 11 Effect of partial wetting of the membrane on CO2 flux and IL loading; 𝑄 𝑔 = 20 𝑚𝑙 𝑚𝑖𝑛 -1 ; 𝑄 𝐼𝐿 = 60 𝑚𝑙 𝑚𝑖𝑛 -1 , 𝑇 = 288 𝐾, 𝐶𝑂 2 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑎𝑟𝑡𝑖𝑜𝑛 = 15 % 𝑣𝑜𝑙

  

Table 1

 1 Specifications of the membrane module

	Parameter

Table 2

 2 Operating conditions

	-
	-
	-
	-

Parameter/Property Value Unit Ionic liquids [emim] [MeSO4] ≥ 95% [emim] [DCA] ≥ 95% [emim] [EtSO4] ≥ 95% [emim] [AC] ≥ 95%

  𝑉 𝑔 in the above equation represents gas side volume. The equation represents the mechanism of first order chemical reaction of CO2 with IL. Combining equation 9 and 12 can give us the following new equation.

	(𝐶 𝑔-𝑖𝑛 -𝐶 𝑔-𝑖𝑛 * ln( 𝐶 𝑔-𝑜𝑢𝑡 -𝐶 𝑔-𝑜𝑢𝑡 )-(𝐶 𝑔-𝑜𝑢𝑡 -𝐶 𝑔-𝑜𝑢𝑡 * * ) 𝐶 𝑔-𝑖𝑛 -𝐶 𝑔-𝑖𝑛 *	)	(10)
	Where 𝐶 𝑔-𝑖𝑛 *	and 𝐶 𝑔-𝑜𝑢𝑡 *	represents equilibrium concentration of the gas phase with corresponding CO2
	concentration in the liquid phase 𝐶 𝑙 * . Equilibrium concentration of gas phase 𝐶 𝑔 * can be found using
	equation 3 (𝐶 𝑔 * = 𝐻 𝑑 𝐶 𝑙 𝐸 = 𝐾 𝑒𝑥𝑝 𝑘 𝑙 𝐻 𝑑		(11)
	Considering first order interfacial chemical reaction, mass transfer rate for gas absorption in membrane
	contactor can be described as;
	-ŕ 𝐶𝑂 2 = (-	𝑑𝐶 𝐶𝑂 2 𝑑𝑡	) 𝑔	=	1 𝑉 𝑔	(-	𝑑ñ 𝑑𝑡 ) = 𝐾 𝑟 ∆𝐶 𝑔-𝑙𝑚	(12)
	𝑗 𝐶𝑂 2 -𝑔 𝐴 = ŕ 𝐶𝑂 2 𝑉 𝑔				(13)
	By combining equation 12 and 13 we can get the following equation.
	𝑗 𝐶𝑂 2 -𝑔 = ŕ 𝐶𝑂 2 ( 𝑉 𝑔 𝐴	) = 𝐾 𝑟 ( 𝑉 𝑔 𝐴	) ∆𝐶 𝑔-𝑙𝑚

* ) based on Henry's Law constant. The enhancement factor E determines the absorption rate of CO2 in absorbents and quantifies how and up to what extent the absorption is enhanced by the chemical reaction

[START_REF] Dindore | Gas-liquid mass transfer in a cross-flow hollow fiber module: Analytical model and experimental validation[END_REF][START_REF] Lu | Absorption of CO2 into aqueous solutions of methyldiethanolamine and activated methyldiethanolamine from a gas mixture in a hollow fiber contactor[END_REF]

. Experimental overall mass transfer coefficient, 𝐾 𝑒𝑥𝑝 calculated from equation 9 can be used instead of 𝐾 𝑜𝑣 in equation 4 to predict the enhancement factor for CO2 absorption in ILs. Equation 4 after rearranging can be written as:

  The continuous evolution of ILs concentration in the reservoir was measured by applying a transient state differential equation across the reservoir.Where 𝐶 𝑟 represents the concentration of CO2 in the IL reservoir. The equation can be further written in the final form as;

	𝑄 𝐼𝐿 (𝐶 𝑟,𝑖𝑛 (𝑡) -𝐶 𝑟,𝑜𝑢𝑡 (𝑡)) = 𝑉 𝐼𝐿	𝑑𝐶 𝑟(𝑡) 𝑑𝑡			(23)
	𝐶 𝑟,𝑜𝑢𝑡 (𝑡 + ∆𝑡) =	∆𝑡 𝒯 𝐼𝐿	𝐶 𝑟,𝑖𝑛 (𝑡) + 𝐶 𝑟 (𝑡) [1 +	∆𝑡 𝒯 𝐼𝐿	]; 𝐶 𝑟,𝑖𝑛 (𝑡) =	∫ ∫ 𝑟=𝑟 3 𝑟=𝑟 2 ∫ ∫ 𝑟=𝑟 3 𝐶 𝑙 (𝑟)𝑟𝑑𝑟𝑑𝜃 𝑟𝑑𝑟𝑑𝜃 𝑟=𝑟 2

Table 3

 3 Boundary conditions

	Boundary Condition	Boundary condition
	Tube (gas)				
	𝒛 = 𝟎	Inlet gas	𝐶 𝑔 = 𝐶 0
		conditions			
	𝒛 = 𝑳	Convective flux at gas outlet	-𝐷 𝑔	𝜕𝐶 𝑔 𝜕𝑧	= 0
	𝒓 = 𝟎	Axial symmetry	𝜕𝐶 𝑔 𝜕𝑟	= 0
	𝒓 = 𝒓 𝟏	Interfacial	𝐶 𝑔 = 𝐶 𝑚
		continuity			
	Membrane (gas)			

Table 4

 4 Properties of ILs and parameters for CO2 absorption

	IL	T(K) x*/P(MPa) Ref.	Hpx	Ref.	ρ (g	Ref.	µ	Ref.	DCO₂	Ref.	ϒ	Ref.
				(MPa)		cm -3 )		(mPa		(cm 2 s -1 )		(mN	
								s)		10 6		m -1 )	
	[emim]	-	-	-	-	1.289	(Costa et	128.6	(Costa et	2.81	This	52.6	This
	[MeSO4]						al., 2011)		al., 2011)		Work		Work
		0.089/0.63	(Yim et al.,	7.1	(Sumon and	1.286	(Costa et	78.1	(Costa et	3.90	This	51.2	This
			2018)		Henni, 2011)		al., 2011)		al., 2011)		Work		Work
		0.089/0.75	(Yim et al.,	-	-	1.275	(Costa et	42.9	(Costa et	5.80	This	50.5	This
			2018)				al., 2011)		al., 2011)		Work		Work
	[emim]	-	-	-	-	1.114 (Klomfar et	19.5	(Larriba et	9.76	This	46.4	This
	[DCA]						al., 2011)		al., 2013)		Work		Work
		0.015/0.15	(Huang and	10.1	(Huang and	1.108 (Klomfar et	15.1	(Larriba et	11.56	This	45.4	This
			Peng, 2017)		Peng, 2017)		al., 2011)		al., 2013)		Work		Work
		0.011/0.15	(Huang and	14.6	(Huang and	1.098 (Klomfar et	10.2	(Larriba et	14.97	This	45.0	This
			Peng, 2017)		Peng, 2017)		al., 2011)		al., 2013)		Work		Work
	[emim]	-	-	-	-	1.241	(Gómez et	152.0 (Gómez et	2.51	This	46.8	This
	[EtSO4]						al., 2006)		al., 2006)		Work		Work
		0.027/0.26	(Jalili et al., 2010)	9.7	(Jalili et al., 2010)	1.237	(Gómez et (Gómez et al., 2006) al., 2006)	97.0	(Gómez et al., 2006)	3.38	This Work	46.3	This Work

  Table 5 shows contact angles of four ILs and water before and after 40 days of immersion of fiber in ILs and water. Visuals of the measurements are presented in supplementary data Figure S 3. PP fibers were cleaned properly before measurements, and each angle was measured 15 times. PP fiber showed higher contact angle of 101.9 O with water. Contact angles measured for IL [emim] [MeSO4] and [emim] [DCA] were higher than that of [emim] [EtSO4] and [emim] [AC]. Before immersion the angles measure for [emim] [MeSO4], [emim], [emim] [EtSO4] and [emim] [AC] were 84.2 O , 82.9 O , 71.1 O and 72.9 O , respectively. There is only 1 O -2 O drop in contact angles measured after 40 days of immersion of fiber in ILs. LEP is another important parameter which is used to evaluate the wettability of porous membrane for liquid absorbents

Table 5

 5 Contact angle and LEP of ILs and PP membrane contactor

Absorbent Contact Angle (deg) LEP(Bar) Before immersion After immersion

  

	[emim][MeSO4]	84.2	82.2	1.95
	[emim] [DCA]	82.9	81.0	2.19
	[emim][EtSO4]	71.1	71.0	5.70
	[emim][Ac]	72.9	69.6	5.21
	Water	101.9	-	5.65

  Table4) for IL[emim] [DCA] and[emim] [EtSO4] increases from 10.1 MPa to 14.6 MPa and 9.7 MPa to 11.1 MPa, respectively, when temperature rises from 298 K to 313 K. Figure4shows the evolution of gas side outlet concentration of CO2 at different temperatures. It is clear from the figure that increase in temperature has reduced the removal efficiency. However, the efficiency at pseudo-steady-state remains nearly unaffected. At 20 minutes of recirculation time, an efficiency drop of 12 %, 8 % and 31 % was observed for ILs [emim] [MeSO4],[emim] [DCA] and [emim] [EtSO4], respectively, for increasing temperature from 288 K to 313 K.For [emim] [AC] a drop of 17 % in removal efficiency can be observed, when temperature was changed from 288 K to 323 K, after 80 minutes.

Table 6

 6 CO2 loading, experimental mass transfer coefficient and enhancement factor

	IL	Qg (ml min -1 )	Time	100 α (mol mol -1 )	Kexp (m s -1 ) 10 6	E (-)
				T=298 K		
	[MeSO4] _	20	ti	-	9.28	5.57