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ABSTRACT
The development of new solvents for carbon dioxide separation by chemical absorption has increased its importance during last years. Present work develops a series of studies using biphasic solvents (two liquid phases) in which amine is transferred from organic to aqueous phase during carbon dioxide chemical absorption. This type of solvents gets to reduce the amount of solvent that must be regenerated by stripping and this fact allows to reduce significantly the cost associated to this operation. The experimental results corresponding to the proposed solvent (based on the use of N-ethylpiperidine) have shown a suitable behavior when high ratios of organic phase/aqueous phase are used that allows to reduce the energy penalty. This behavior has been confirmed using bubbling and packed columns. Solvent regeneration studies showed suitable results avoiding losses in absorption rate and absorption capacity. 
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1. Introduction 
Nowadays different alternative technologies have been proposed to be used in carbon dioxide separation or capture but this type of processes based on chemical absorption/desorption operations using solvents with amines are the base technology [1, 2] though the high energetic requirements [3]. This undesirable characteristic of chemical absorption processes is mainly due to the high amount of energy [4] used in the solvent regeneration operation generally using stripping. In the last years one important aim has been the reduction in the energy penalty of the overall operation. 
In order to decrease this important energy consume is necessary the development of new solvents that allow overcome the behavior of first (alkanolamines) and second (sterically hindered amines) generation solvents. The third generation solvents are centered on the use of organic liquid phases in order to take advantage of the lower heat capacity in comparison with water. Examples of new solvents included in this third generation are binding organic liquids [5] reducing the energy cost by avoiding to reach boiling temperature to regenerate the chemical solvent. 
Other strategies included in the development of third generation solvents are centered on more complex solvents and specifically the use of biphasic and phase changing solvents. Some researchers have employed a blend of organic compounds that shows an homogeneous behavior at the beginning of absorption tests but an increase in carbon dioxide loading or a change in temperature causes the generation of an heterogeneous solvent (liquid-solid or liquid-liquid) [6-8]. The initial works in biphasic solvents were based on lipophilic amines in order to concentrate the absorbed carbon dioxide in one phase using for instance N,N-dimethylcyclohexylamine and dipropylamine or N-methylcyclohexylamine[9]. These studies are based on the DMXTM process for carbon dioxide separation that allow to reduce operation cost by the splitting of phases (rich and lean carbon dioxide streams) before solvent regeneration [10].
The aim of this strategy is to reduce the amount of solvent to be regenerated in the stripping section. In this type of solvents only one phase (aqueous one) is fed to regeneration section an it allows to reduce the amount of sensible heat [11] because the flow-rate is widely reduced. This fact and the higher loading of carbon dioxide in this part of the solvent allows to reach additional advantages related with the energy penalty associated to stripping operation [12]. 
Present research work tries to analyze the use of this type of heterogeneous solvents but employing switchable hydrophilicity solvents (SHS). These solvents show two liquid phases before carbon dioxide absorption and both liquid phases are present into the gas-liquid contactor during all absorption experiments. Switchable hydrophilicity solvents are chemical solvents based on amines with a tunable value of solubility in aqueous phase. The partial solubility of amines in water, instead of a negative effect, can be considered suitable characteristic in order to develop new carbon dioxide separation schemes. When carbon dioxide chemical absorption takes place the amine is continuously transferred between the liquid phases involved in the solvent. This behavior depends on the type of amine (primary, secondary or tertiary) used to formulate the solvent. This strategy tries to remove only the carbon dioxide-rich phase from the absorber to be treated in the stripping section. This fact allows to reduce significantly the amount of solvent that must be regenerated. A priori the reaction products can be concentrated in the aqueous phase where the amount of amine is low. This behavior avoids the presence of free-amine molecules in the stripping that reduces solvent degradation. The cost associated to utilities is also reduced in heat exchanger and stripping boiler due to the lower solvent flow-rate.
A previous initial work [13] analyzed the use of this type of solvents with a stirred tank contactor that allow a suitable dispersion of liquid phases and also the gas one. High interfacial areas (liquid-liquid and gas-liquid) were reached with this type of mechanical stirring. The results obtained for different amines were uneven but some of them were interesting and allow to consider ethylpiperidine as a possible amine to formulate this type of solvents. 
This study is centered on the use of ethylpiperidine (EP) in different types of gas-liquid contactors commonly used at industrial level in order to evaluate the carbon dioxide separation behavior in contactors with a low degree of mixture between all phases. These studies will allow to evaluate this solvent to be consider as a suitable alternative to the commonly energy-intensive processes. 


2. Materials and methods
2.1. Materials
Carbon dioxide was supplied by Praxair with a purity of 99.998% and used as feed stream without additional purification. The amines employed in present work were ethanolamine (MEA), methyldietaholamine (MDEA) and N-ethylpiperidine (EP) were supplied by Sigma-Aldrich (MEA and MDEA) and Alfa Aesar with purities of >99.5%, >99% and >99% respectively. Bi-distilled water was used to formulate the different solvents.
2.2. Ethylpiperidine – carbon dioxide chemical kinetics
In order to obtain the kinetic equation for the chemical reaction between N-ethylpiperidine and carbon dioxide, a stirred tank reactor working in batch with regard to both phases was employed. The stirred cell presented a planar interface area of 33.3 cm². The gas transfer in the liquid phase took place through this gas-liquid planar interface. Four bafﬂes were placed in the internal wall of the reactor to improve the solution mixing and avoid the formation of vortex. 
The gas phase, pure carbon dioxide, went through two humidiﬁers to be saturated in water to avoid water exchange between the gas phase and the liquid phase. Then, CO2 was injected in the stirred tank before feeding the amine solvent in order to fill it firstly with a CO2 atmosphere. 
To determine the carbon dioxide absorption rate, a soap ﬂowmeter was used. During solvent injection in the reactor, soap film was created into the flowmeter and its movement was followed during all the experiment. Due to the chemical absorption of CO2 in the solvent, the film went down along the calibrated glass tube. 
The magnetic stirring was launched when liquid addition was over. At the same time, experimental data were recorded by a software which provides the rate of the soap film in the flowmeter.
To maintain the temperature constant, water circulated continuously in all devices: into the humidifiers, the doubled-wall of the cell, the doubled-wall of the burette and the doubled-wall of the flowmeter. Water temperature was regulated by using a thermostat-cryostat (Selecta Frigiterm).
A stopped-flow spectrophotometer (Applied Photophysics) was used when reaction rate is high. A same quantity of water saturated in CO2 and of aqueous solution of amine was injected separately with a syringe pump into the mixing chamber where the reactants were mixed. Then, the freshly blended mixture was pushed rapidly into the optical cell where the fast chemical reaction takes place. The absorbance of the ultraviolet light beam by the solution was measured by a detector during the reaction. The product formation was monitored by measuring the change in absorbance of the solution as a function of time. The dead time of the stopped-flow system (in milliseconds) corresponds to the age of the reaction mixture entering the optical cell. All parts of the equipment were thermostated and the temperature was controlled
2.3. Carbon dioxide  absorption studies
Carbon dioxide absorption experiments were carried out using different column contactors: two bubble columns were employed. The first one with a cylindrical geometry (diameter = 3 cm and height = 30 cm) employs a liquid phase volume of 0.15 L. The gas phase was dispersed using a sintered glass plate. The second one was a square bubble column reactor (side length = 4 cm and height = 65 cm) using a liquid phase volume of 0.6 L. The gas stream was fed to the contactor through a five-hole sparger built in Teflon®. The carbon dioxide absorption rate was determined on the basis of the difference between inlet and outlet mass flow-rates. Two gas mass flowmeters (M-Series Alicat Scientific) regulated and measured the column inlet and outlet gas flow rate. The outlet CO2 flow rate was recorded every 30 seconds by the Flow Vision SC software package (Alicat Scientific) which also controlled the flowmeters. The working regime was continuous in regard to the gaseous phase and discontinuous for the liquid phase.
Other type of studies were carried out using a packed column with geometrical characteristics of 3.5 cm of diameter, 50 cm of height and using glass Rachig rings as packing. The same equipment for control and measure de gas flow-rates (M-Series Alicat Scientific) were employed. The solvent was recirculated by a peristaltic pump (Selecta Percom N-M) with a flowrate of 150 mL·min-1. This liquid flowrate was chosen to ensure a good wettability of packing. All absorption experiments were carried out at atmospheric pressure.
2.4. Solvent regeneration studies
The experimental procedure for solvent regeneration employs the stripping procedure and it consists on the use of a three-necked flask with a volume of 0.5 L, a heating mantle (Selecta Fibroman) and a temperature sensor (Selecta Sensoterm). After absorption experiment, the aqueous phase was separated using a separation funnel and this aqueous solution was introduced into the flask. A thermometer was used for monitoring the temperature and also two condensers were installed to prevent solvent evaporation. The bubble temperature was 81 ºC, and regeneration was carried out until 87 ºC was reached. After cooling 10 absorption/regeneration cycles were carried out in order to analyze the influence of aqueous phase regeneration upon absorption rate and carbon dioxide loading. The optimized time for regeneration was 15 minutes at boiling temperature.


3. Results and Discussion
3.1. Carbon dioxide – EP kinetic behavior
The initial experiments carried out to analyze the chemical kinetic behavior of carbon dioxide and ethylpiperidine reaction have been performed using a stirring cell previously described in experimental section. The evolution of absorbed carbon dioxide throughout experiment time allows to calculate the data corresponding to absorption rate for each EP concentration in the liquid solvent (figure 1 shows these experimental data). In relation to the influence of amine concentration (CB) upon absorption rate (NA) is clear and causes a linear increase with EP concentration. These experiments were carried out using an homogeneous solvent (only aqueous phase) with EP concentrations lower than solubility. Only this type of solvent was considered because EP is a tertiary type amine and the reaction with carbon dioxide is only produced in the presence of water molecules [14]. The reaction mechanism in solvents with tertiary amines involves the reaction of carbon dioxide with water in the presence of the amine that is protonated. The kinetic experiments were carried out at different temperatures and an increase in this variable causes an enhancement of absorption rate, in agreement with previous studies of kinetic behavior of carbon dioxide chemical absorption with amines [15].
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Figure 1. Influence of amine concentration and temperature upon the absorption rate using a stirring cell for carbon dioxide – water – ethylpiperidine system. () T = 15 ºC; () T = 25 ºC; () T = 35 ºC; () T = 45 ºC;. 

On the basis of experimental data and specifically in relation to the influence of amine concentration in the liquid solvent upon carbon dioxide absorption rate, the linear trend previously observed is in agreement with a fast or instantaneous absorption regime. This is a suitable characteristic for this type of solvents but the experimental set-up does not allow to obtain kinetic information because the overall process is controlled by the gas-liquid mass transfer. As previously commented this absorption regime with a fast chemical reaction is suitable for the process and also because a tertiary amine is used. This type of amine centers generally has a low reaction rate with carbon dioxide [16, 17] in comparison with primary and secondary. It reduces the use of tertiary amines in the formulation of solvents. The high reaction rate of EP allows to take advantages of the suitable characteristics of tertiary amines in the overall process such as: high carbon dioxide loading, low degradation, low regeneration energy, etc [18, 19].
In order to obtain the kinetic equation for the system CO2-H2O-EP it is necessary implement other type of experimental procedure that allow the study of fast reaction rates avoiding the influence of mass transfer processes. The experimental technique was based on the use of stopped-flow spectrophotometer using aqueous solutions of both reagents. This experimental procedure has been previously employed in different studies with suitable results [20].
The analysis of the experimental data of amine concentration through time to modelize the behavior of the carbon dioxide reaction with water and EP, the simplified equation suggested by Kadiwala et al [21] has been used (equation 1).
	(1)
Where ko is the observed constant, k2 is the kinetic constant and CA and CB are the carbon dioxide and N-ethylpiperidine concentration respectively.
A first analysis of the experimental data allows to confirm a suitable fit of experimental data to the proposed equation 1 that has been confirmed in the posterior evaluation. Figure 2 shows the value of the observed kinetic constant when the amine concentration in the liquid solvent is varied. A linear trend was observed and it fits with the definition of observed kinetic constant previously shown in equation 1. Then it is possible to calculate the value of the kinetic constant at the different experimental temperatures. This type of experimental data has been fitted with an Arrhenius type equation in order to modelize the influence of temperature upon the kinetics and allow to calculate the activation energy, reaching a value of 75.5 kJ·mol-1.
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Figure 2. Influence of EP concentration upon observed kinetic constant at T = 25 ºC. Inner plot: influence of temperature upon the kinetic constant.

The kinetic results corresponding to the use of EP in the chemical absorption of carbon dioxide show interesting values because it allow to reach high reaction rate mainly in comparison with other tertiary amines commonly used as reference and also in industrial operations (see Table 1). 

Table 1. Kinetic constant corresponding to different tertiary amines at T= 25 ºC.
	Name
	Structure
	k2 (m3·mol-1·s-1)

	Ethylpiperidine
	[image: Resultado de imagen de ethylpiperidine]
	5.65·10-2

	Triethanolamine [22]
	[image: ]
	1.66·10-3

	N-methyldiethanolamine [22]
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	3.20·10-3






3.2. Carbon dioxide absorption in EP-based solvents
The experimental work in present study is centered on the basis of a previous study of our research team [13] that pointed out an enhancement in mass transfer rate under the presence of a second liquid phase (organic) in the gas absorber (stirred tank). New studies are carried out in present work in order to explain better the overall mechanism of carbon dioxide absorption with chemical reaction in this complex gas-liquid-liquid system. Also comparisons with well-established solvents widely used in industry (aqueous solutions of monoethanolamine and methyldiethanolamine) allow to evaluate the behavior of the proposed solvent.
The previous study of Carrera et al [13] developed only a small amount of experiments with two liquid phases in the absorber (close to the amine solubility in water) and using a stirred tank contactor with mechanical agitation. This experimental device allowed to reach a suitable mixture between the three phases involved in the process. Present work has employed two different types of columns (bubble and packed) in order to analyze the possibility of the solvent use at industrial level.
The first part of experimental work related with overall mass transfer process accompanying with chemical reaction has been focused in the comparison of the solvent based on EP with other amine-based solvents. Figures 3 and 4 show experimental data corresponding to the absorption curves using an aqueous solution of EP (homogeneous solvent) and an heterogeneous one (working upper the solubility value). These carbon dioxide absorption curves have been compared with the behavior showed by aqueous solutions of MEA and MDEA. 
Figure 3 shows the experimental results obtained using a small bubble column with a volume of 0.15 L. It is possible to observe that not very important differences in the absorption curves of homogeneous solvents are observed, but MEA-based solvent shows the best behavior with a high absorption rate at the beginning of the experiment. This behavior is in agreement with the reaction mechanism [23] that indicates the formation of carbamate at low carbon dioxide loadings with a high reaction rate. The difference in reaction rate of carbamate formation in comparison with the reaction of carbon dioxide with tertiary amines to produce carbonate or bicarbonate ion is very important [24]. For this reason the reaction rate is an important handicap for the use of tertiary amines in industrial processes. The analysis of carbon dioxide loading for each solvents allows to obtain values in agreement with literature [25]: values close to 1 mol CO2·mol amine-1 for tertiary amines (EP and MDEA) and lower values of MEA aqueous solution due to the coexistence of carbamate and bicarbonate (from carbamate hydrolysis) in the reaction products.
When the solvent based on the use of EP is an heterogeneous solvent with the presence of an aqueous and an organic phase in the absorber (specifically a 17% of aqueous phase in volume) the experimental results included in figure 3 show an interesting behavior. In the first part of experiment the absorption rate was high reaching similar values than the solvent based in MEA, removing amounts of carbon dioxide close to 100% of the fed flow-rate. The experimental values for the EP heterogeneous solvent show certain dispersion in comparison with the homogeneous solvents due to a more irregular flow pattern in the bubble column, due to the presence of both liquid phases. Due to the presence of an excess of amine (in the organic phase) a relatively constant absorption rate was observed during a larger time than for MEA solvent. The heterogeneous solvent also shows a slow decrease in the trend though the amine concentration in the aqueous phase is maintained constant. This fact is due to the role played by the organic phase. An organic phase has higher carbon dioxide solubility and a shuttle effect [26, 27] can be produced during the carbon dioxide absorption. Taking into account that during chemical absorption amine molecules are transferred to aqueous phase, the carbon dioxide previously absorbed in this phase is also transferred. This can increase the pathways for carbon dioxide absorption from gas to aqueous phase [13]. 
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Figure 3. Carbon dioxide absorption curves and loading using a 0.15 L bubble column. QG = 0.08 L·min-1. Homogeneous solvents: CB = 0.45 M. MEA (), MDEA (), EP (). Heterogeneous solvent: 67% of organic phase (). 

In order to confirm the experimental results showed in figure 3 the same type of experiments were carried out in a bubble column with a larger volume (0.6 L). This type of experiment allows to confirm the suitable behavior of EP heterogeneous solvent when the dimension of the gas-liquid contactor increases and the ideality in the flow pattern decreases. Figure 4 shows the experimental results in this contactor and they show a similar behavior of homogeneous solvents than the previously ones discussed in figure 3 but the differences between them increases. The MEA-based solvent shows high absorption rate values at the beginning of experiment. In relation with tertiary amines MDEA-based solvent shows better results than EP homogeneous solvent during the experiment. With the small column at the beginning of experiment both solvents showed similar values. Attending to the use of de EP heterogeneous solvent better results than the other solvents based on tertiary amines are observed. These results confirm the good behavior of this solvent in comparison mainly with MDEA that is generally used in hydrogen purification operations. On the other hand in the first part of experiment (with low carbon dioxide loading) does not reach absorption rate values close to MEA solvent. 
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Figure 4. Carbon dioxide absorption and loading curves using a 0.6 L bubble column. QG = 0.7 L·min-1. CB = 0.45 M. MEA (), MDEA (), EP (). Heterogeneous solvent: 67% of organic phase (). 

This fact can be produced by different reasons: (i) an increase in the volume of absorber increases the amount of both liquid phases (aqueous and organic) and when EP is consumed new amine molecules are solubilizated in the aqueous phase. This phenomenon is produces through the liquid-liquid interface and the zone when carbon dioxide reaction with EP is produced can be situated far from the liquid-liquid interface and then the diffusion of amine molecules in the aqueous phase can be a limiting step. (ii) Another negative influence can be the effect of the ratio between both liquid phases. In figure 4 an heterogeneous solvent with a 50% in volume of each phase was employed. Perhaps the modification of liquid phases ratio can influence upon absorption rate, taking into account the previously commented carbon dioxide shuttle effect that can enhance mass transfer rate. 
Then, on the basis of the experimental results obtained using different bubble columns (see figures 3 and 4) and the hypothesis formulated to explain the differences observed between both figures a study about the influence of aqueous/organic ratio upon carbon dioxide absorption curves was performed. Though shuttle effect can produce some type of influence when organic phases are present in the gas-liquid contactor, it is easy think that an increase in the amount of aqueous phase in the absorber could have a positive effect. It is based on a higher amount of organic phase do not cause a higher concentration of EP in the aqueous phase, but a higher amount of aqueous phase increases the gas hold-up in this phase and it increases the gas-liquid (aqueous phase) interfacial area and it enhances mass transfer rate. 
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Figure 5. Influence of aqueous phase/organic phase (AP/OP) ratio upon carbon dioxide absorption rate curves. QG = 0.3 L·min-1. AP/OP = 83/17 % (); AP/OP =67/33% (); AP/OP =50/50% (); AP/OP =33/67% (). 

Several experiments were carried out modifying the aqueous phase/organic phase ratio (in volume) in a wide range in order to evaluate the influence of this operational variable. The experimental data corresponding to absorption curves are shown in figure 5. It is clearly observed that the behavior is opposite than the hypothesis previously formulated, because an increase in the organic phase enhances absorption rate increasing from 60% to ∿100% under the experimental conditions employed in figure 5. The influence of organic phase presence observed in the experiments allows to conclude that the phenomenon with the highest weight is the shuttle effect caused by the organic phase in the gas-liquid and liquid-liquid mass transfer processes. Figure 6 shows an example of mass transfer mechanism proposed to explain this type of gas-liquid-liquid process for carbon dioxide removal.
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Figure 6. Carbon dioxide chemical absorption pathway using the configuration of two liquid phases with N-ethylpiperidine as solvent.

The same type of experiments showed in figure 5 has been carried out using different gas flow-rates fed to bubble column. The experimental results corresponding to this study are included in the plots of figure 7. The main conclusions of these data is that a change in the carbon dioxide gas flow rate maintain the previously discussed influence of liquid phases ratio upon absorption rate. More specifically (left plot in figure 7) an increase in the amount of carbon dioxide fed to absorber causes a decrease in gas absorption (with a linear trend) but it is only due to a higher amount of carbon dioxide present in the absorber and using the same volume of solvent. The best results are always obtained for the experiments with the highest amount of organic phase. 
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Figure 7. Influence of gas flow-rate and the ratio between organic and aqueous phases upon the capacity for carbon dioxide absorption. Left plot: () OP = 17 %; () OP = 33 %; () OP = 50 %; () OP = 67 %. Right plot: () QG = 0.3 L·min-1; () QG = 0.2 L·min-1. () QG = 0.1 L·min-1.

In the right plot of figure 7 the removal percentage is shown versus the amount of organic phase in the solvent. This graph clearly shows that the influence of this variable does not show a linear trend. For compositions of organic phase lower than 50% the influence in the change of the ratio between liquid phases shows slight modifications and the separation of carbon dioxide is similar. Using a 50% of each phase in the bubble column and for the lowest gas flow-rate a clear improvement in carbon dioxide separation is observed, but a very important enhancement in carbon dioxide absorption is observed when the amount of organic phase reaches higher values than 50% in the bubble reactor. The enhancement is very important and it is observed with independence of the gas flow-rate employed in the experimental set-up.
After the study of the influence of liquid phases ratio under different experimental conditions, it is possible to conclude that the best behavior of this biphasic solvent is reached with low amounts of aqueous phase. This fact allows to simplify the experimental set-up and the use of bubble columns at industrial level can be a suitable option. A simplified scheme of the installation is shown in figure 8 to use this type of biphasic chemical solvent. The aqueous phase is placed in the bottom of the bubble column due to density value. The mixture between phases caused by the agitation of bubbles is low and the phases remain separated. It allows that the reaction products (ionic compounds) will be accumulated in the aqueous phase, also because the reaction takes place only in the aqueous phase by the use of a tertiary amine. The aqueous phase is easily removed from the absorbed from the bottom of the bubble column to be sent to solvent regeneration section. This operation configuration allows to reduce in a high percentage the amount of solvent that must be sent to regeneration (specifically a reduction close to 67%). On the basis of these explanations the reduction in the costs associated to the overall operation of carbon dioxide separation by chemical absorption can be considered high.

(i) Solvent flow rate in the regeneration section is lower and then the size of stripping column, reboiler and condenser can be reduced. 
(ii) The amount of energy needed to maintain the temperature (e. g. 40 ºC) of the solvent fed to the absorbed is decreased significantly.
(iii) The boiling temperature of solvent is considerable lower than conventional processes and it reduces the energy employed in stripping reboiler.

In the scheme of figure 8 the presence of different phases in each stream is indicated because during the solvent regeneration operation by stripping, organic phase is generated due to the regeneration of amine (EP) because the reaction product is deprotonated. This type of configuration is simpler than other previously described in literature [28] involving the use of biphasic solvents (liquid-liquid or liquid-solid) because it avoids the presence of additional separation units in the outlet of the absorber. 
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Figure 8. Scheme correponding to an industrial process using this type of biphasic solvent. (dotted line) gas phase; (solid line) aqueous phase; (dash-dotted line) organic+aqueous phases.

Present research work proposes the use of a bubble column as gas-liquid contactor to carry out the carbon dioxide chemical absorption using biphasic solvent using EP but an additional study has been carried out using a packed column contactor because this type of absorbed is commonly used at industrial level for gas-liquid absorptions. The experimental procedure previously described in the experimental section, consists of the recirculation of the solvent after homogenization. Figure 9 shows the experimental results of carbon dioxide absorption using the biphasic solvent with the highest organic phase ratio and using an aqueous solution of MEA (the most used solvent in industrial operations of CO2 absorption).
The MEA-based solvent shows a complete carbon dioxide removal showing the suitable behavior of this solvent in this type of equipment. After a certain experiment time the amount of carbon dioxide absorbed in the liquid phase is reduced drastically because the concentration of MEA in the solvent decreases due to the chemical reaction. 
In relation with the use of heterogeneous EP-based solvent the behavior is completely satisfactory. This solvent allows to remove a 96% average of the total amount of carbon dioxide fed to packed column. The drop in the absorption rate is produced in a time longer than the corresponding one for MEA solvent because the presence of EP in excess allow to maintain its concentration in the aqueous phase higher. Experiments with lower ratio of organic phase show a decrease in carbon dioxide absorption rate though the EP concentration in the aqueous remains constant. This behavior is in agreement with the previously discussed results using a bubble column reactor and point out the high importance of the presence of the organic phase in the overall mechanism of carbon dioxide mass transfer from gas to aqueous phase.
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Figure 9. Absorption of carbon dioxide using a packed column. QG = 0.3 L·min-1. QL = 0.15 L·min-1. MEA solvent (grey); EP heterogeneous solvent with AP/OP = 17/83 % (black).

3.3. Solvent regeneration
An important part of research studies focused on the development of new chemical solvents to be used in gas-liquid separation by chemical absorption is centered on solvent regeneration operation. Its importance is related with the important amount of energy that must be employed. The experimental procedure to carry out this type of studies has been deeply explained in the experimental section and consists in the development of absorption-regeneration cycles in order to evaluate losses in carbon dioxide separation capacities and rates produced by the regenerated solvent. The most commonly observed behaviors in this type of studies consist of an important lost in carbon dioxide loading after the first regeneration cycle [29, 30]. This undesirable behavior can be due to different causes such as: (i) the value of the equilibrium constant that do not allow to recover the 100% of the amine present in the products and/or (ii) amine degradation by the high temperature or the high carbamate reactivity to produce undesirable products. Both phenomena implies the use of important values of solvent make-up to maintain the yield of the operation, increasing the operation cost. 
Experiments carried out with the solvent developed in present work have shown the experimental results included in figure 10. This figure shows in one hand the carbon dioxide absorption curve during 20 minutes for some absorption experiments after different cycles of absorption/regeneration. The corresponding absorption curve of fresh solvent is also included (without any thermal treatment). The experimental data show a similar behavior for all the absorption curves with independence of the number of regenerations previously carried out. This behavior confirms the high stability of the chemical solvent without amine degradation.
Figure 10 also includes an inner plot with the value corresponding to the regeneration degree that was calculated on the basis of carbon dioxide loading of each experiment (reached after 20 minutes) in comparison with the corresponding value obtained for fresh solvent. The calculated data allow to confirm that after several absorption/regeneration cycles the values of carbon dioxide loading remains practically constant and close to the behavior of fresh solvent. 
On the basis of experimental data of absorption curves and regeneration degree it is possible to conclude that the heterogeneous solvent maintains the absorption rate and loading despite regeneration treatments. Both characteristics are suitable for a chemical solvent to be used in carbon dioxide separation by chemical absorption. Previous results using MEA-based solvents have concluded an important decrease in the carbon dioxide loading after regeneration [31,32]. 
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Figure 10. Influence of regeneration upon absorption rate and regeneration degree calculated on the basis of carbon dioxide loading. AP/OP = 33/67 %. QG = 0.3 L·min-1.

As previously commented in the experimental section, the solvent regeneration process was applied only for the aqueous phase due to the accumulation of reaction products in this part of the solvent. Then only the amine and reaction products included in the aqueous phase was treated with high temperatures. After the 20 minutes employed in these experiments the aqueous phase was always lower than 50 % of the total liquid phase volume in the contactor. This fact and the temperature range employed during regeneration with a medium value of 85 ºC, allows to reduce the cost associated to the energy in comparison with the conventional process. 
An important part of the energetic requirements corresponding to the overall carbon dioxide separation process for chemical absorption is centered on heat exchangers and the boiler associated to the stripper (see figure 8). Then a decrease in the carbon dioxide rich solvent flow-rate (only aqueous phase with the reaction products) causes a decrease in the cost of the equipment (due to a decrease in size) and on the other hand in the flow-rate of utilities (boiler and cooler after the regeneration). The conventional one based for instance on the use of aqueous solutions of MEA or MDEA needs to feed the total solvent volume to the stripping section involving all the non converted amine. 



4. Conclusions
Present work is focused on the use of ethylpiperidine in a chemical solvent for carbon dioxide separation and though this amine has a tertiary amino center, the kinetic studies show a fast reaction regime. This type of behavior is not commonly observed for tertiary amines and EP solvent reached significantly higher reaction rates than MDEA-based solvents. This type of reaction regime allows to consider EP solvent as a suitable candidate for its use for carbon dioxide separation by chemical absorption. 
In relation with absorption studies, the heterogeneous solvent based on the use of EP shows better results than other tertiary amines using different types of columns contactors, and close to the absorption rate of solvents based on MEA that is a reference in this type of carbon dioxide separation.
The behavior of this solvent is enhanced with an increase in the amount of organic phase in the overall solvent that allows to reduce the amount of solvent that must be regenerated because the reaction products are concentrated in the aqueous phase. This fact reduces significantly the amount of energy needed (for instance sensible and stripping heat) to carry out the regeneration operation. 
The experimental results of solvent (aqueous phase) regeneration show a high stability of the chemical solvent reaching values close to 100% of regeneration degree. 
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Symbols used
Abbreviations
AP: aqueous phase
C: concentration
EP: N-ethylpiperidine
k: kinetic constant
MDEA: methyldietaholamine
MEA: ethanolamine
NA: absorption rate
OP: organic phase
Q: flow-rate
r: reaction rate
t: time
T: temperature

Sub- and Superscripts 
a: absorbed
A: carbon dioxide
B: amine
G: gas phase
L: liquid phase
o: observed
2: second order




Figure Captions
Figure 1. Influence of amine concentration and temperature upon the absorption rate using a stirring cell for carbon dioxide – water – ethylpiperidine system. () T = 15 ºC; () T = 25 ºC; () T = 35 ºC; () T = 45 ºC;. 
Figure 2. Influence of EP concentration upon observed kinetic constant at T = 25 ºC. Inner plot: influence of temperature upon the kinetic constant.
Figure 3. Carbon dioxide absorption curves using a 0.15 L bubble column. QG = 0.08 L·min-1. Homogeneous solvents: CB = 0.45 M. MEA (), MDEA (), EP (). Heterogeneous solvent: 67% of organic phase (). 
Figure 4. Carbon dioxide absorption curves using a 0.6 L bubble column. QG = 0.7 L·min-1. CB = 0.45 M. MEA (), MDEA (), EP (). Heterogeneous solvent: 67% of organic phase (). 
Figure 5. Influence of aqueous phase/organic phase (AP/OP) ratio upon carbon dioxide absorption rate curves. QG = 0.3 L·min-1. AP/OP = 83/17 % (); AP/OP =67/33% (); AP/OP =50/50% (); AP/OP =33/67% (). 
Figure 6. Carbon dioxide chemical absorption pathway using the configuration of two liquid phases with N-ethylpiperidine as solvent.
Figure 7. Influence of gas flow-rate and the ratio between organic and aqueous phases upon the capacity for carbon dioxide absorption. Left plot: () OP = 17 %; () OP = 33 %; () OP = 50 %; () OP = 67 %. Right plot: () QG = 0.3 L·min-1; () QG = 0.3 L·min-1. () QG = 0.3 L·min-1.
Figure 8. Scheme correponding to an industrial process using this type of biphasic solvent. (dotted line) gas phase; (solid line) aqueous phase; (dash-dotted line) organic+aqueous phases.
Figure 9. Absorption of carbon dioxide using a packed column. QG = 0.3 L·min-1. QL = 0.15 L·min-1. MEA solvent (grey); EP heterogeneous solvent with AP/OP = 17/83 % (black).
Figure 10. Influence of regeneration upon absorption rate and regeneration degree calculated on the basis of carbon dioxide loading. AP/OP = 33/67 %. QG = 0.3 L·min-1.
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