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Abstract 

This work focuses on the research of novel carbon monoxide (CO) capture solvents to be 

applied to the separation of CO from other light components contained in gas streams of the 

process industry, e.g., nitrogen and hydrogen. More specifically, we examine the use of CO-

selective capture solutions composed of the ionic liquid 1-ethyl-3-methylimidazolium 

thiocyanate ([C2mim][SCN]) and the transition metal salt copper(I) thiocyanate (CuSCN) as 

greener alternatives to the tetrachloroaluminate(III)-aromatic hydrocarbon solutions currently 

employed for CO separation from gas mixtures. In order to gain insight into the behavior of the 

selected ionic liquid solutions as chemical solvents for CO, their density and viscosity are 

characterized with respect to temperature and composition in a wide range of temperatures 

(273.15-303.15 K), pressures (up to 24 bar) and copper(I) concentrations (0-30 mol%). 

Moreover, the CO absorption has been assessed and gas-liquid equilibria are successfully 

described with a thermodynamic model as a function of those variables. The [C2mim]x[Cu]1-

x[SCN] solutions exhibit favorable properties in terms of competitive CO sorption capacity and 

high selectivity towards slightly soluble gases, e.g., 996.1 mmol L-1 and CO/N2 selectivity of ∼25 

at 283.15 K and 23.3 bar, combined with low heat of absorption (-29.5 kJ mol-1) as well as 

easiness of regeneration and reuse. Consequently, these copper(I)-containing ionic liquids are 

promising for the development of novel and greener CO/N2 separation processes alternative to 

the use of flammable and toxic solvents or energy-intensive cryogenic distillations. 
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Introduction 

Carbon monoxide (CO) is an industrially relevant gas with a gradually increasing demand [1], 

either as pure compound or as a component of the synthesis gas, for the large scale 

manufacturing of a myriad of basic chemicals such as alcohols or aldehydes as well as chemical 

intermediates produced by carbonylation of organic substrates [2], for which new synthesis 

routes are being developed [3]. Moreover, it is noteworthy that there is huge amount of 

research activity in the field of producing liquid hydrocarbons more efficiently via Fischer-

Tropsch process using CO as an alternative fuel source [4]. In all cases, either high purity CO 

(98-99%) or syngas mixtures with carefully adjusted H2/CO ratios are required to obtain the 

desired products. In this sense, the main routes to produce CO at industrial level are based on 

steam reforming, partial oxidation processes and gasification of carbonaceous feedstocks. In 

addition, strategies directed towards increasing sustainable economic growth, e.g., the 

recovery of relatively inexpensive and abundant CO from exhaust gases, can be seen as a 

promising opportunity to further enhance the use of CO as raw material [5]. In any case, CO is 

always obtained as a constituent of a gas mixture that contains H2 as well as small amounts of 

several acidic contaminants, e.g., CO2, COS, H2S, and therefore, purification steps are generally 

involved in its production. In addition, it should be taken into account that, while N2 is a major 

component of post-combustion gas streams, the separation of CO from N2-rich streams is 

extremely challenging owing to the similar properties of these gases, particularly, boiling point 

and molecular size, and extremely poor solubility in liquid solvents. Consequently, there is a 

need of energy efficient separation processes based on novel materials that provide high 

CO/N2 selectivity in order to make the recovery of CO from waste gases affordable. 

Among the conventional gas separation technologies employed for CO purification, only 

reactive absorption processes are suitable to produce high purity CO at intermediate scale 

from N2-rich industrial gas mixtures. In this context, the most extended process employs a 
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bimetallic cuprous salt, preferably CuAlCl4, dissolved in an excess of an aromatic hydrocarbon 

solvent, usually toluene [6–10]. This process commonly referred to as the COSORB process was 

developed in the 1970s and although it allows recovering high purity CO (up to 99.7%) with 

high yield (95-99%), the complex stability and solvent loses are still serious drawbacks of this 

process that motivate interest in novel CO-complexing compounds [11]. In fact, it is estimated 

that processes that employ complexing agents with lifetimes of at least one year would be 

more competitive than COSORB process [12]. Other technologies such as pressure swing 

adsorption and membranes are almost exclusively devoted to H2 purification due to the 

limited availability of CO-selective adsorbents and CO-permselective membranes. 

Nevertheless, growing interest in separating CO from gas mixtures is bringing into focus novel 

CO-selective materials based on the ability of d-block transition metals to selectively and 

reversibly bind CO via  -bond complex formation mechanism [13,14]. Recently, -

complexation MOF and zeolite adsorbents with high CO adsorption capacity (2.72-6.04 mmol 

g-1) [15–18] and copper(I)-containing membranes that provide facilitated transport of CO 

[19,20] have been reported. Although none of them has been implemented at large-scale, with 

the exception of a CuCl/zeolite adsorbent with low CO capacity (0.33 mmol g-1) [1], these 

studies emphasize the importance that transition metals may have as drivers of the CO/N2 

separation. A survey of other metals that have been explored as CO-complexing agents 

includes dissolved palladium and iron macrocyclic complexes [21–23] and selenium [24], which 

usually exhibit very low solubility in organic solvents and/or very high equilibrium constants of 

reaction, thus hindering the development of a high capacity and reversible absorption process 

[22].  

In view of that, the reactive absorption technology is now revisited embracing a greener 

mindset aimed at minimizing the energy requirements of the chemical absorption process and 

searching advanced materials to replace the volatile organic compounds (VOCs) by solvents 

with advantageous properties. In this sense, ionic liquids (ILs) are attracting increased 
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attention as engineering fluids owing to their highly desirable properties. Apart from their 

extremely low vapor pressure, good chemical and thermal stability, non-flammability and wide 

liquid temperature range [25,26], ILs offer the possibility to dissolve high amounts of transition 

metal salts, particularly if the salt has a common anion with the IL [27]. In the field of gas 

separation, ILs can provide several benefits for designing novel processes that avoid solvent 

evaporation during the regeneration as well as other issues related to the use of conventional 

molecular solvents such as toxicity, flammability and corrosiveness [28,29]. Most of the 

progress made for gas separation using ILs thus far is related to the removal of acid gases, 

mainly CO2 and SO2, from combustion gases and natural gas. On the other hand, there is clear 

evidence that CO and other light gases such as H2 and N2 are just sparingly soluble in ILs at low 

pressures [30–35] and consequently, very high pressures (up to 10 MPa) are required to 

absorb significant amounts of CO [36–39].  

Whereas the physical sorption of gases into pure ILs seems to be limited to high pressure 

applications, the reactive gas absorption into functionalized ILs has been explored as a way to 

further increase the absorption capacity at low partial pressures of the target solute. This 

approach has been mainly proposed for post-combustion CO2 capture with amino-

functionalized ILs [40–42], but also for other applications such as olefin/paraffin separation 

with reactive ILs containing silver salts [43]. Following the same rationale, pioneering studies 

by our research group also demonstrated the potential of chlorometalate-based ILs for CO 

capture and separation from other light gases [44,45]. In particular, the ability of chlorocuprate 

species to bind CO molecules forming carbonyl complexes [46] was exploited to drive the CO 

separation from mixed gases in a toluene-free environment. Despite this successful approach, 

several limitations were identified related to the high viscosity (>4000 mPa s at 293.15 K) of 

the selected IL solutions [47], [C6mim]1-x[Cu]x[Cl], and lower mass transfer rates observed 

relative to conventional solvents that hampers scaling up of the process [48,49]. Moreover, 

this high-halogen concentration IL may be corrosive to some materials. Nevertheless, this 
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inspired us to focus on the IL structure-property relationships in the search of more 

appropriate ILs to perform this separation. In this sense, ILs comprising cyano-based anions are 

promising candidates that exhibit advantageous properties as solvents. In Table 1, several 

properties of the IL 1-ethyl-3-methylimidazolium thiocyanate, [C2mim][SCN], are presented 

and compared to those of various state-of-the-art materials that have been employed for CO 

capture. As can be seen, [C2mim][SCN] possesses remarkably lower viscosity (<30 mPa s at 

293.15 K) than the majority of ILs and can be considered safer than toluene owing to its 

inherent negligible vapor pressure and non-flammability (although the thermal decomposition 

products of ILs may be flammable) [50]. In addition, [C2mim][SCN] displays wide liquid range 

(its degradation temperature is ∼125 K above the boiling point of toluene) as well as much 

lower toxicity to aquatic ecosystems than highly toxic toluene and other ILs used for CO 

capture such as [C6mim][Cl] and [C6mim][NTf2], i.e., the log EC50 of [C2mim][SCN] is much 

higher than the ecotoxicity of toluene (2.33 mol L-1). Therefore, in order to take full 

advantage of the [C2mim][SCN] properties, in this work we propose the use of this IL together 

with the transition metal salt copper(I) thiocyanate (CuSCN) as chemical solvent for CO gas 

absorption. To the best of our knowledge, this is the second example of reactive ILs used for 

CO capture, although this system has been already proposed as entrainer in vapor + liquid 

systems, yet with relatively low CuSCN concentrations (0.45 mol kg-1) [51].   

Table 1. Properties of several solvents used for CO capture. 

Solvent Densitya 

 (g cm-3) 

Viscositya 

(mPa s) 

Flash point 

(K) 

Boiling pointb 

(K) 

Log EC50 

(mmol L-1)c 

Toluene 0.87 0.58 277 383.8 2.33 

[C6mim][NTf2] 1.38 [52] 90.1 [53] N/A Tdeg = 701 [54] 2.05 

[C6mim][Cl] 1.04 [47] 14160 [47] 452 [50] Tdeg,1 < 423; 

Tdeg,2 > 473 [50] 

2.15 

[C2mim][SCN] 1.12 [55] 29.2 [55] N/A Tdeg = 510 [56] 4.15 

aAt 293.15 K. bDegradation temperature (Tdeg) for ILs. cEcotoxicity test: V. fischeri [57]. 
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Herein, we report the characterization of the thermophysical properties of double salt ILs 

composed of the IL [C2mim][SCN] and the inorganic salt CuSCN. Particularly, density and 

viscosity have been measured over a wide temperature range (283.15-353.15 K) in a number 

of solutions containing up to 30 mol% CuSCN and the composition effect on the phase 

behavior assessed. Moreover, the thermodynamic study of CO reactive uptake into these 

capture solutions has been performed assessing the influence of temperature (273.15-303.15 

K), pressure (up to 24 bar) and copper(I) concentration (up to 30 mol%) on the total amount of 

CO absorbed. 

 

Experimental section 

Materials. The IL [C2mim][SCN] (>98%) was purchased from IoLiTec. The transition metal salt 

CuSCN (99%) was purchased from Sigma-Aldrich. Carbon monoxide (99.7%) was supplied by 

Air Liquid. 

Preparation of capture solutions. The general procedure to prepare the CO capture solutions is 

as follows: the IL [C2mim][SCN] was first heated to 373 K; then, a specific amount of CuSCN was 

added while stirring the solution and eventually, vacuum (<5 mbar) was applied during 2 h in 

order to remove any possible traces of VOCs that might be originally present in the pristine IL. 

The solutions obtained in this way are identified as double salt ILs with compositions [C2mim]1-

x[Cu]x[SCN], where x denotes the mole fraction of CuSCN dissolved in the IL. In this work, 

solutions with relatively high CuSCN concentrations, up to 30 mol%, were prepared. The 

average water content of a reference sample (without CuSCN) subjected to the same 

procedure was determined using Karl Fischer titration to be <20 ppm. 

Density measurements. Density data of pure [C2mim][SCN] and several [C2mim]1-x[Cu]x[SCN] 

solutions were measured between 283.15 and 353.15 K at 5 K intervals using an Anton Paar 
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DMA 5000 densimeter provided with viscosity correction and self-control of temperature. The 

uncertainty in the density and temperature measurements were 3·10-5 g cm-3 and 0.01 K, 

respectively. The apparatus was calibrated by measuring the density of deionized and 

degassed water and ambient air. 

Viscosity measurements. Viscosity data were measured using a controlled stress rheometer 

Anton Paar model MCR 102 with cone and plate geometry (49.98 mm diameter, 1.008° cone 

angle and 102 m truncation). This configuration is particularly suitable for testing ILs given 

that very small sample volumes (<2 mL) are required. The viscosities of [C2mim]1-x[Cu]x[SCN] 

solutions at atmospheric pressure were recorded between 293.15 and 353.15 K at 

temperature intervals of 5 K and at a constant shear rate of 10 s-1. A preliminary test was 

undertaken to ensure that the ILs solutions possess Newtonian flow at shear rates ranging 

between 0.1 and 100 s-1. Temperature was registered with a precision of 0.01 K using a Peltier 

system. The uncertainty in the viscosity measurement was 2%.  

Thermal properties. Differential scanning calorimetry (DSC) experiments were run in a TA 

Instruments Q2000 differential scanning calorimeter, with an uncertainty of ±1 K. 

Thermograms were recorded during two heating cycles from 183 to 293 K with a heating rate 

of 1 K min-1 after cooling samples at the same rate and keeping them isothermal for 10 min at 

the lowest temperature. The samples (ca. 15-20 mg) were encapsulated in hermetic aluminum 

pans with lids of the same material and loaded onto the measuring chamber with an 

autosampler. An empty pan with its lid was used as the reference, and a 50 mL min-1 flow of N2 

(Praxair, 99.999%) was used as sample purge gas. It was ensured that the curves for the first 

and second cycle were coincident, and the results from the second cycle were used. All DSC 

thermograms were evaluated using the Universal Analysis 2000 software (Version 4.5.0.5A) by 

TA Instruments. 
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Absorption measurements. The experimental procedure employed for measuring the CO 

reactive uptake is based on the isochoric saturation method which main advantage is that it 

relies on gas phase measurements, whereas the analysis of the liquid phase is not required. 

The experimental setup is described in detail in a previous work [48], basically, it consists of a 

jacketed stirred reactor (Buchi, model Picoclave type 1/100 mL) equipped with a pressure 

transducer (Aplisens, model PCE-28, 0.2% accuracy) that is connected to a data acquisition 

device (Endress+Hausser, model Memograph M) which monitors the pressure inside the 

reactor, and a Pt-100 temperature sensor connected to a cryothermostatic bath (Julabo, 

model F25-ME), which allows regulating the temperature inside the reactor within 0.01 K. 

Just two minor changes were performed: a jacketed metal vessel was employed this time in 

order to increase the maximum allowable pressure inside the vessel up to 60 bar and, an 

intermediate storage cylinder of known volume equipped with an absolute digital manometer 

(Keller, model Leo 2, 0.1% accuracy at full scale) was incorporated before the reactor inlet.  

To obtain the absorption isotherms, first, a known amount of IL solution was poured into the 

reaction vessel, the temperature set to the desired value and the whole system degassed (<5 

mbar) using a vacuum pump (Edwards, model RV5) during 3-4 h. Then, an initial amount of CO 

was loaded into the intermediate storage cylinder and the pressure recorded. Next, the valve 

that connects the storage tank and the reactor was opened and the gas absorption proceeded 

until the system reached equilibrium conditions as determined by pressure changes of no 

more than 1 mbar for more than 20 min. At that point, the equilibrium pressure was recorded 

and the intermediate valve was closed. Then, the procedure was repeated loading again the 

storage cylinder with CO at a higher pressure. Finally, the amount of CO absorbed in each step 

( in ) and the accumulated amount of CO absorbed ( absn ) at equilibrium conditions were 

calculated as follows: 

   liqreactorreseqiliqreactorreactoriresresii VVVVVVn   ,,1,   (1) 
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n

niabs nnn  (2) 

where resV , reactorV  and liqV  stand for the volume of the storage cylinder, the reactor and the 

liquid sample, respectively, and resi, ,  reactori ,1  and eqi,  are the molar densities of gas 

initially loaded into the storage cylinder, the molar density of gas remaining in the reactor from 

the previous step and the molar density of gas in the whole system at equilibrium conditions 

when the intermediate valve is opened, respectively. In this work, the molar densities at given 

conditions of pressure and temperature were calculated using Peng-Robinson equation of 

state (PR-EoS) in order to account for deviations from ideality at high pressures and the 

volume of liquid sample of each solution was determined from the mass of solvent added and 

its measured density at the corresponding temperature and liquid phase composition. In 

addition, the partial pressures of the ionic liquid solutions were neglected due to their 

extremely low volatilities. Eventually, the amount of chemically absorbed CO is reported on a 

volumetric basis (mol CO per L solvent) to account for any differences in densities between the 

solvents. Nevertheless, the experimental data are also provided as Supplementary Information 

expressed both in terms of volume and mole fraction basis. The accuracy of the solubility 

measurements was checked against CO2 solubility data in water and in the IL [C4mim][BF4]. The 

average relative standard deviation between replicated CO reactive absorption experiments 

was <5%. 

 

Thermodynamic model 

The aim of this section is to provide a simple thermodynamic model that can be employed to 

quantitatively describe the equilibria of CO reactive absorption into the [C2mim]1-x[Cu]x[SCN] 

capture solutions at given conditions of pressure, temperature and composition. However, a 
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molecular-based theoretical model has also been developed for this type of reactive systems 

within the framework of soft-SAFT equation of state [58]. Considering that the physical 

solubility of CO in these ILs is expected to be several orders of magnitude lower than the 

chemical solubility and the fact that its measurement is susceptible to generate large 

experimental errors [30], we opt to consider an heterogeneous model of reaction between CO 

and the copper(I) species in solution that avoids the use of gas-liquid equilibrium relationships, 

such as the Henry law, and should provide an accurate quantitative approximation at low and 

moderate pressures for this system. Although the coordination between CO and copper(I) in 

this system is a priori unknown, it is speculated, based on previous works with [C6mim]1-

x[Cu]x[Cl], that monocarbonyl species are formed [44,59]: 

     llg COICuICuCO )()()(      (3) 

Although a non-ideal behavior of the liquid phase ionic species might be expected for this type 

of systems, in order to keep the model simple, it has been assumed as an initial approach that 

the ratio of the solute activity coefficients keeps constant within the range of variables. In 

addition, the fugacity of the gas species was not included given that deviations from ideal 

behavior calculated with PR-EoS at the range of experimental conditions are relatively small. 

Therefore, the equilibrium concentration constant of the complexation reaction can be 

defined as: 
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where eqK  is the equilibrium concentration constant of reaction (bar-1), eq

COP  is the 

equilibrium partial pressure of CO (bar) and  
eqCOICu )()( 

 and  
eqICu )(  are the 

equilibrium concentrations (mol L-1) of the carbonyl complex and free copper(I) species, 

respectively. A mass balance is performed to calculate the concentration of copper(I) cations 
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at equilibrium as the difference between the initial copper(I) concentration,  
0)( ICu , and 

the equilibrium concentration of the complexed species: 

     
eqeq COICuICuICu )()()()( 0

    (5) 

Finally, the chemically absorbed CO at equilibrium conditions is obtained combining Eqs. (4) 

and (5): 
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In addition, the temperature dependence of the equilibrium constant on the complexation 

reaction can be described by means of the van’t Hoff equation: 

R

H

Td

Kd eq 


)/1(

ln
     (7) 

where T is the temperature (K), H is the enthalpy of absorption due to the complexation 

reaction (kJ mol-1) and R is the gas constant (kJ mol-1 K-1). 

 

Results and discussion 

Physical and thermal properties. In this section, we report density and viscosity data of the CO 

capture solutions as a function of temperature and composition, which are very relevant 

thermophysical and transport properties of fluid systems for process design. The measured 

densities of pure [C2mim][SCN] and several [C2mim]1-x[Cu]x[SCN] solutions from 283.15 to 

353.15 K are plotted in Figure 1a and collected in Table S1 of the supplementary Information. 

As can be observed, the density of the IL solutions decreased with temperature and increased 

with the concentration of CuSCN. In addition, density data of [C2mim][SCN] are in very good 
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agreement with available data reported by other research groups [51,55,60,61].The following 

linear relationship was employed to describe the temperature dependence of density: 

Tba
cm

g









3

  (8) 

where a  and b  are adjustable parameters provided in Table 2 along with the corresponding 

relative standard deviations (RSD), which were obtained as: 
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where exp,iz  and calciz ,  are the experimental and calculated physical property, respectively, N  

is the number of experimental data points and   is the number of fitted parameters of the 

equation. The influence of the complex concentration on the density of [C2mim]1-x[Cu]x[SCN] 

solutions is compared in Figure 1b with other solutions that have been employed to capture 

CO, in particular, with that of [C6mim]x[Cu]1-x[Cl] solutions used in our previous works and the 

CuAlCl4-toluene solutions of the conventional process, revealing that they possess very similar 

densities in the high concentration end. 
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Figure 1. a) Density of [C2mim]1-x[Cu]x[SCN] solutions at atmospheric pressure as a function of 

temperature and CuSCN mole fractions: 0 (x), 0.08 (+), 0.14 (◇), 0.20 (∆), 0.25 (□) and 0.30 (○). 

Symbols are experimental data and solid lines are the values calculated with Eq. (8). b) 

Influence of copper(I) concentration on the solvent density of several solutions at 293.15 K: 

[C2mim]1-x[Cu]x[SCN] (○), [C6mim]x[Cu]1-x[Cl] (◇) [47] and CuAlCl4-toluene (solid line) [6]. Dotted 

lines are the linear least-squares regression (R2 < 0.9990). 

Table 2. Adjustable parameters of the linear fits (R2 > 0.9999) for density of [C2mim]1-

x[Cu]x[SCN] IL solutions ( = a+b·T) and calculated relative standard deviation (RSD). 
 Mole fraction of CuSCN 

 0.0 0.08 0.14 0.20 0.25 0.30 

a (g cm-3) 1.29463 1.35064 1.40175 1.45288 1.50117 1.54631 
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b (x104 g cm-3 K-1) -6.01 -6.49 -6.90 -7.35 -7.76 -8.12 

RSD·104 1.14 0.92 0.61 0.87 1.23 1.48 

 

The viscosity of [C2mim]1-x[Cu]x[SCN] solutions measured between 293.15 and 353.15 K at 5 K 

intervals is depicted in Figure 2 and compiled in Table S2 of the Supplementary Information. 

The measured viscosity of pure [C2mim][SCN] is also in good agreement with available data 

reported elsewhere [51,55,62,63]. As can be seen, both variables, temperature and 

composition, have a strong influence on the IL viscosity. Among the equations typically 

employed to quantitatively describe the temperature dependence of viscosity [64], it was 

found that Litovitz equation performed much better (R2 > 0.9970) than Andrade equation (R2 < 

0.9828), both with just two adjustable parameters, in the whole temperature range. 

Therefore, Litovitz equation was employed to correlate the viscosity data according to: 

  









3
exp

T

B
AsmPa  (10) 

where A  and B  correspond to fitting parameters also provided in Table 3 along with the 

corresponding relative standard deviations (RSD). If one compares the viscosity of [C2mim]1-

x[Cu]x[SCN] with that of the [C6mim]1-x[Cu]x[Cl] solutions employed in our previous works, 

which were between ∼500 (pure IL) and 16 times (concentrated solutions in copper salt) more 

viscous [47], a significant enhancement of the CO mass transfer rates should be expected in 

these new media. 
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Figure 2. Viscosity of [C2mim]1-x[Cu]x[SCN] solutions at atmospheric pressure as a function of 

temperature and CuSCN mole fractions: 0 (x), 0.08 (+), 0.14 (◇), 0.20 (∆), 0.25 (□) and 0.30 (○). 

Symbols are experimental data and solid lines are the values calculated with Eq. (10). 

Table 3. Adjustable parameters of the Litovitz equation (R2 > 0.9970) for viscosity of [C2mim]1-

x[Cu]x[SCN] IL solutions and calculated relative standard deviation (RSD). 

 Mole fraction of CuSCN 

 0.0 0.08 0.14 0.20 0.25 0.30 

A (mPa s) 0.7842 0.6268 0.4928 0.4070 0.2896 0.2037 

B (x10-8 K3) 0.852 1.039 1.232 1.412 1.679 1.954 

RSD 0.02 0.02 0.03 0.04 0.05 0.06 

 

In addition, DSC analyses were undertaken to identify the phase transitions in the pure 

[C2mim][SCN] and in the solution containing 30 mol% CuSCN. In the thermograms, the portion 

of the curve below 200 K was omitted due to lack of stability of the baseline observed in that 

region. The cooling ramps of the DSC thermograms were in both cases completely featureless, 

i.e., the samples did not crystallize on cooling; however, a small exothermic peak followed by 

an endothermic peak were observed in the heating ramp only when low heating rates were 

applied as can be seen in Figure 3. From these facts, it is speculated that these ILs showed cold 

crystallization and subsequent melting upon heating, a behavior that is not unusual for other 
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ILs [65]. However, after the incorporation of CuSCN to the IL, this feature is even less 

pronounced. Considering that the decomposition temperature attributed to [C2mim][SCN] is 

510 K, these ILs will remain in liquid state over a wide temperature range, which is an 

extremely important feature regarding both sorption and desorption stages. In fact, the boiling 

point of toluene (383.8 K) is close to temperatures typically employed in desorption units and 

consequently, it will evaporate during solvent regeneration. In contrast, ILs may offer 

improved energy efficiency of the process as they will not evaporate under such conditions. 

 

Figure 3. DSC thermograms of pure [C2mim][SCN] (solid line) and a solution containing 30 

mol% CuSCN (dashed line). Heating rate: 1 K min-1. 

Chemical absorption of carbon monoxide. In this section, we present the thermodynamic 

properties for CO reactive absorption into [C2mim]1-x[Cu]x[SCN] ILs. First, the influence of the IL 

composition was assessed to prove that these solutions can be successfully applied to capture 

CO and separate it from other light gases, particularly from N2 which is taken as a reference in 

this work. The experimentally measured solubilities of CO in several ionic liquid solutions 

containing up to 30 mol% of CuSCN with respect to the equilibrium pressure of CO, up to 8 bar, 

are depicted in Figure 4 at 293.15 K. As can be seen, the amount of absorbed CO significantly 

increased with the concentration of copper(I) ions in solution as a consequence of the carbonyl 

complex formation. The maximum solubility obtained in the most concentrated IL solution (30 

mol%) was 287.1 mmol L-1 at 7.79 bar and 293.15 K. In addition, data predicted with the 
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thermodynamic model developed in this work, which is described later on in this section, are 

also plotted.  

Once proved that CO is successfully absorbed into the [C2mim]1-x[Cu]x[SCN] ILs, the influence of 

temperature on the absorption process was assessed between 273.15 and 303.15 K in the 

most concentrated solution, containing 30 mol% of CuSCN, over a wider pressure range, up to 

24 bar. Results plotted in Figure 5 show that temperature has a strong influence on the 

chemisorption process, which is significantly enhanced at low temperature, e.g., the 

concentration of CO absorbed increased from 502 mmol L-1 at 303.15 K and 23.0 bar to 1279 

mmol L-1 at 273.15 K and 23.9 bar. In addition, the assessment of the amount of complexing 

agent that is bound to the absorbed CO is presented in Table 4 at several pressures, 

temperatures and IL compositions. As can be observed, the maximum value of complexed 

copper(I) cations achieved in this work was ∼50% in the most favorable conditions, i.e., lowest 

temperature and highest pressure and CuSCN concentration, revealing the feasibility of further 

increasing the amount of CO absorbed in high pressure applications. Furthermore, a 

comparison is made with the N2 solubility measured at 283.15 K. As shown in Figure 5, these IL 

solutions not only provide high sorption capacity towards CO but also a remarkably high 

equilibrium selectivity against other light gases with poor solubilities in IL media, e.g., the 

CO/N2 solubility selectivity of the 30 mol% CuSCN solution is ∼25 at 283.15 K.   
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Figure 4. Carbon monoxide absorption isotherms into [C2mim]1-x[Cu]x[SCN] ILs at 293.15 K and 

several CuSCN mole fractions (0.08 (x), 0.14 (◇), 0.20 (∆), 0.25 (○) and 0.30 (□)). Solid lines are 

model predictions for CO chemisorption. Experimental data are provided in Table S3.  

 

Figure 5. Influence of temperature on carbon monoxide absorption reactive uptake into 

[C2mim]1-x[Cu]x[SCN] IL containing 30 mol% CuSCN: 303.15 (◇), 293.15 (∆), 283.15 (○) and 

273.15 K (□). N2 physical solubility (∎) measured at 283.15 K is also shown. Solid lines are 

model predictions for CO chemisorption and dotted line represents the N2 solubility fitted to 
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the Henry‘s law and extrapolated over the whole pressure range. Experimental data are 

provided in Table S4. 

Table 4. Amount of complexed copper(I) cations at several temperatures, IL compositions and 
pressures. 

T (K) 
CuSCNx  P (bar) Complexed 

Cu+ (%) 

T (K) 
CuSCNx  P (bar) Complexed 

Cu+ (%) 

303.15 0.08 7.5 7.1 283.15 0.08 7.3 21.7 

 0.14 7.4 5.9  0.14 7.6 20.1 

 0.20 7.6 7.4  0.20 7.7 18.2 

 0.25 7.8 7.5  0.25 7.6 17.7 

 0.30 7.8 7.6  0.30 7.8 14.5 

  23.9 20.2   23.3 39.5 

293.15 0.08 7.6 13.3 273.15 0.08 7.7 32.6 

 0.14 7.6 12.7  0.14 7.7 27.4 

 0.20 7.8 11.5  0.20 6.6 22.6 

 0.25 7.8 11.1  0.25 7.7 24.5 

 0.30 7.8 11.4  0.30 7.7 20.6 

  22.0 29.9   23.0 50.4 

Standard uncertainty for solubility measurements: u(T) = 0.01 K, u(P) <0.2% and u(SCO) <5%. 

As for the thermodynamic model, the equilibrium constant of the complexation reaction and 

the heat of absorption were determined by fitting all the experimental data to the equations 

derived in a previous section. Figure 6 depicts the influence of temperature on the equilibrium 

constant of reaction, which can be satisfactorily described by the van’t Hoff equation with heat 

of absorption of -29.53 kJ mol-1. Moreover, as can be observed in Figure 7, the model 

developed in this work successfully provides a quantitative description of the absorption 

process in a wide range of temperature (273.15-303.15 K), pressure (up to 24 bar) and 

composition of the CO capture solutions (8-30 mol% CuSCN), the larger deviations being 

systematically observed under the least favorable conditions, i.e., low pressure, temperature 

and CuSCN concentration.  
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Figure 6. Temperature influence on the equilibrium constant of the complexation reaction 

between CO and copper(I) in the [C2mim]1-x[Cu]x[SCN] IL solutions described by the van’t Hoff 

equation (Tref = 298.15 K). Solid line represents the linear least-squares regression (R2 = 1).  

 

Figure 7. Parity plot between experimental and modeled data of CO reactive uptake into 

[C2mim]1-x[Cu]x[SCN] ILs. Data obtained in solutions containing 8-30 mol% CuSCN at 

temperatures between 273.15 and 303.15 K and pressures up to 24 bar. Solid lines represent 

±15% deviations. 

In Table 5, a comparison is made between the performance of the CO sorption process in the 

molecular and ionic solutions presented in Table 1. As can be seen, the CO uptake in pure ILs 

such as [C6mim][NTf2] is much lower than the sorption capacities achieved by selectively 
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binding CO with a complexing agent, namely, copper(I) salts. On the other hand, although the 

chemical sorption of CO in toluene-based solutions [6–8] seems to be favored over the CO 

uptake into ILs, there is, however, a noticeable reduction of the absorption enthalpy in IL-

based solvents relative to that typically found in organic molecular solvents. For instance, the 

heat of absorption between CO and CuAlCl4 in toluene [7] is more than 2-fold the value found 

in this work between CO and CuSCN in [C2mim][SCN]. Similarly, very large heats of absorption 

are common for CO2 capture into aqueous amines solutions [66], whereas it has been shown 

that ILs can be tuned to provide lower enthalpies of reaction [67]. Consequently, the recovery 

of the absorbed gases and the regeneration of the IL-based capture solutions will be 

performed at the expense of much lower energy requirements.  

Table 5. Physical and chemical uptake of CO in several molecular and IL media.  

Solvent HCO  

(x10-3 bar)a 

Complexing agent Sorption capacity  

(mmol L-1) 

Heat of absorption   

(kJ mol-1) 

Toluene 1.29 [33] CuAlCl4 (1.0 mol L-1) 1023 at 7.8 bar 

and 313.15 K 

-67 [7] 

[C6mim][NTf2] 0.76 [33]  95.4b at 31.2 bar 

and 293.15 K 

-1.29 [38] 

[C6mim][Cl] N/A CuCl (2.0 mol L-1) 595.0b at 7.6 bar 

and 293.15 K 

-13.4 [44] 

[C2mim][SCN] N/A CuSCN (2.5 mol L-1) 750.6 at 22.0 bar 

and 293.15 K 

-29.5 

aHenry constant of CO at 295.15 K. bSolubility in mmol kg-1. 

Finally, recovering the absorbed CO and regenerating the absorbent are very important issues 

concerning the technical feasibility of capture solutions in industrial applications that should 

be borne in mind when assessing new solvent alternatives. Moreover, although it is well 

known that the main problems found in using a liquid absorbent for CO absorption, 

particularly an aqueous solvent, are the low solubility of cuprous salts in liquid media and the 

instability of copper(I) ions due to oxidation and disproportionation [46], it has been reported 
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that copper(I) can be stabilized in ionic liquid media [68]. In this work, all the IL solutions 

employed can be completely regenerated and reuse in a new absorption cycle by simple 

means: after completing an absorption cycle, temperature was increased to 333.15 K and 

pressure reduced below 5 mbar. Those conditions were applied during at least 2 h to ensure 

complete desorption, however, shorter times may also prove feasible. Figure 8 shows all the 

CO absorption/desorption cycles performed into the same solution at several temperatures. As 

can be seen, the first and second absorption isotherms are almost coincident at every 

temperature thus demonstrating that the absorption capacity of the solvent is completely 

recovered over 8 cycles. 

 

Figure 8. Series of absorption/desorption cycles performed using the same [C2mim]1-

x[Cu]x[SCN] IL solution containing 8 mol% CuSCN: 303.15 (diamonds), 293.15 (triangles), 283.15 

(circles) and 273.15 K (squares). Hollow and filled symbols are the first and second loading 

cycles, respectively. Experimental data are provided in Table S5. 

As concluding remarks, ILs solutions containing transition metal salts offer great potential as 

alternative solvents to aromatic hydrocarbons for the development of safer and less energy 

intensive CO-selective separation processes dealing with non-condensable gas mixtures of the 

chemical and petrochemical industry in applications such as the removal of CO from flue gases 

of the process industry with a high content of nitrogen or prized inert gases like argon, the 
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purification of H2 and the H2/CO ratio adjustment, among others. The use of these solutions 

may improve the energy efficiency and process safety in terms of exposure risks because of 

the negligible vapor pressure, non-flammability and low ecotoxicity of the thiocyanate-based IL 

solvent; besides, the studied solutions show more advantageous properties in relation to the 

kinetic phenomena involved in the separation processes, i.e., much lower viscosity, than the IL 

solutions employed in our previous works. Moreover, the utilization of greener solvents such 

as ILs coupled with the development of intensified separation processes based on membrane 

technology can provide an excellent opportunity for achieving enhanced efficiencies compared 

to traditional gas separation processes [69]. 

 

Conclusions 

This work focuses on the great potential of cyano-based ILs, which can be tailored by 

incorporating a transition metal salt with a common anion, to provide safer and more energy 

efficient alternatives to the separation of CO from non-condensable gas mixtures in 

applications that report high economic interest such as the adjustment of H2/CO syngas ratio 

and the removal of CO from flue gases of the process industry for its further reuse. Therefore, 

double salt IL solutions with composition [C2mim]1-x[Cu]x[SCN] have been prepared in this work 

as selective CO chemical absorbents for the development of greener separation processes for 

CO recovery from industrial gas streams. In order to gain insight on the fundamentals of this 

innovative separation, the thermophysical properties of the IL solutions have been 

characterized, paying special attention to the composition effect on the resulting viscosity so 

as to overcome one of the main limitations that hinders the implementation of ILs as 

engineering fluids. In this sense, the properties displayed by [C2mim]1-x[Cu]x[SCN] solutions 

represent a clear improvement over previous IL-based capture solutions, particularly, those 
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containing halogen anions, which are impractical for separation purposes owing to their 

extremely high viscosities. 

The [C2mim]1-x[Cu]x[SCN] IL solutions used in this work exhibit high CO sorption capacity as a 

result of the formation of complexes with available copper(I) cations in the IL media. The 

highest CO sorption capacity attained in this work with IL solutions containing 30 mol% CuSCN 

is 1279.2 mmol L-1 at 273.15 K and 23 bar. Consequently, considerably high equilibrium 

selectivities can be achieved in this way towards light gases that are just sparingly soluble into 

ILs such as N2 and H2 among others, e.g., CO/N2 selectivities around 25-30 can be achieved at 

283.15 K in solutions concentrated in CuSCN. Moreover, these IL-based solvents represent a 

promising alternative to the conventional technology that employs CuAlCl4-toluene solutions 

as they may provide improved energy efficiencies due to their inherent negligible vapor 

pressures, wider liquid range and much lower heat of absorption. In addition, [C2mim][SCN] 

can be considered safer than the conventional solvent used (i.e., toluene) in terms of exposure 

risks, flammability and ecotoxicity. Although the most concentrated solution used in this work 

still has a viscosity of ∼500 mPa s at room-temperature, these absorption solvents warrant 

consideration for the development of novel separation processes since further improvements 

may come as a result of modifying the chemical structure of the IL or blending with high boiling 

point molecular solvents. 
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Highlights 

 Low viscosity copper(I)-containing thiocyanate ILs for CO chemisorption. 

 High CO sorption capacity and equilibrium selectivity towards light gases. 

 Greener alternative than conventional toluene-based CO/N2 separation. 

 

 


