[image: image1]Measurement and Thermodynamic Modeling for CO2 Solubility in the N-(2-Hydroxyethyl) Piperazine + Water System

		ORIGINAL RESEARCH
published: 29 November 2021
doi: 10.3389/fenrg.2021.785039


[image: image2]
Measurement and Thermodynamic Modeling for CO2 Solubility in the N-(2-Hydroxyethyl) Piperazine + Water System
Simeng Li, Gern Woo Kang and Jian Chen*
State Key Laboratory of Chemical Engineering, Tsinghua University, Beijing, China
Edited by:
Kangkang Li, Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia
Reviewed by:
Graeme Douglas Puxty, Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia
Hai Yu, Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia
* Correspondence: Jian Chen, cj-dce@tsinghua.edu.cn
Specialty section: This article was submitted to Carbon Capture, Utilization and Storage, a section of the journal Frontiers in Energy Research
Received: 28 September 2021
Accepted: 25 October 2021
Published: 29 November 2021
Citation: Li S, Kang GW and Chen J (2021) Measurement and Thermodynamic Modeling for CO2 Solubility in the N-(2-Hydroxyethyl) Piperazine + Water System. Front. Energy Res. 9:785039. doi: 10.3389/fenrg.2021.785039

Amine scrubbing is the most important technique for capturing CO2. The cyclic diamine N-(2-Hydroxyethyl)-piperazine (HEPZ), a derivative of piperazine, with good mutual solubility in aqueous solution, a low melting point, and a high boiling point, has the potential to replace PZ as an activator added in the mixed amine system to capture CO2. In this study, the solubility of CO2 in aqueous HEPZ solutions was determined for three HEPZ concentrations and four temperatures. The VLE data for HEPZ-H2O were obtained using a gas–liquid double circulation kettle at pressure 30–100 kPa, and the thermodynamic model for the HEPZ-H2O-CO2 system was built in Aspen Plus based on the electrolytic non-random two-liquid (ENRTL) activity model. The physical parameters for HEPZ and the interaction parameters for ENRTL, along with reaction constants of carbamate reactions, were regressed. Using the thermodynamic model, the CO2 cyclic capacity, speciation with loading, and heat of reaction for the CO2 capture system by the aqueous HEPZ solution are predicted and analyzed.
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INTRODUCTION
Power generation by burning fossil fuels is the most important source of greenhouse gas emissions that cause global climate change (Anderson, 2016). Carbon capture and storage (CCS), as the process of capturing CO2 from flue gas from conventional coal-fired power plants, is the direct method to curb global warming (Plasynski et al., 2009). Amine scrubbing has been successfully and widely used in ammonia production as well as natural gas processing and is considered to be the most promising technology for industrialization of capture and separation of CO2 from flue gas generated by coal-fired power plants (Rochelle, 2009). The industrial applications’ challenges for amine scrubbing are the high energy consumption and huge size of separation equipment and heat exchange equipment as well as cost, which attributes to the flue gas’ large flow rate as well as its low CO2 partial pressure. Therefore, the development of new solvents and high-efficiency separation equipment and the enhancement of technological processes have been extensively studied to reduce the cost of capture. Developing new amines with outstanding properties is the most important method to reduce renewable energy and cost (Feron and Hendriks, 2005).
Good-performance absorbents can greatly reduce the operating cost of the capture process and generally need to have the following properties (Liang et al., 2015): the cyclic capacity is high, the reaction kinetics is fast, the heat of absorption is relatively low, the resistance to oxidative and thermal degradation is high, and the corrosivity, volatility, viscosity, and cost are low. The high CO2 cyclic capacity can reduce the solution’s circulation flow rate, thereby reducing the power of the pump and the energy consumption of the reboiler. The fast absorption kinetics reduces the size of the absorbers and strippers and also the maximal achievable rich loading, thereby reducing operating costs. The relatively low heat of absorption can help reduce the regeneration duty. The resistance to oxidative as well as thermal degradation is correlated with the quantity of solvent make-up as well as byproduct emissions to environment and volatility to the quantity of amine loss as well as emission. The low-viscosity solvents enhance mass and heat transfer, thus reducing the amount of packing and the size of the heat exchanger. Different amines have different molecular structures and absorption mechanisms, resulting in different absorption characteristics. There is a fast reaction rate, a low CO2 cyclic capacity, and a high absorption heat for the primary and secondary amines (Rinker et al., 2000). On the contrary, tertiary amines and steric-hindered amines have a high CO2 cyclic capacity, a slow absorption rate, and a low absorption heat (Dubois and Thomas, 2012). A mixed-amine system—mixed solvent of amines with different reaction mechanisms—combines the advantages of two alcohol amine solutions: a high CO2 cyclic capacity, a low heat of absorption, and a fast absorption rate. Activators are usually added to steric-hindered amines or tertiary amines to increase the absorption rate. Monoethanolamine (MEA) and piperazine (PZ) are the most commonly used activators, and related mixed amine systems have been extensively studied (Aronu et al., 2011; Choi et al., 2009; Dash et al., 2011; Mandal et al., 2001; Puxty and Rowland, 2011; Sakwattanapong et al., 2009).
The disadvantage of PZ as an activator is its low boiling point and high melting point. It is easy to crystallize at low temperatures and cannot be configured with higher-concentration solutions, which reduces the absorption. Its boiling point of 146°C is within the range of 120–160°C, the maximum working temperature of the device, so it is easy to volatilize at high temperatures, increasing the amount of amine loss and emission in large-scale carbon capture deployment. PZ derivatives have a similar molecular structure with PZ and in recent years have also been used to study their activation properties in mixed-amine solvents (Choi et al., 2016; Li et al., 2014a; Li et al., 2014b; Li et al., 2013; Yuan et al., 2017). Rochelle’s group from the University of Texas had studied about the absorption kinetics of PZ derivatives for CO2 capture (Chen and Rochelle, 2011). Our group’s previous study (Li et al., 2014b) measured the cyclic capacity of these PZ derivatives and calculated the heat of CO2 absorption by using the simplified Gibbs–Helmholtz equation. According to Chen and Rochelle’s research, the screening results indicate that there is a lower heat-of-CO2 absorption and an equal absorption rate as well as a higher cyclic capacity in 1-methylpiperazine (1MPZ) than in PZ. However, 1MPZ has greater volatility than MEA and PZ (Mandal et al., 2001). The high volatility is usually a problem for commercial use. Among all derivatives of PZ, N-(2-Hydroxyethyl) piperazine (HEPZ) has the highest boiling point of 246°C, a melting point of −38.5°C, and better water solubility and thermal stability than PZ. The chemical structure of HEPZ is shown in Figure 1. HEPZ can withstand higher temperatures and configure higher-concentration solutions in industrial applications, which show the potential of HEPZ to replace PZ as an activator. Since no literature studied the absorption performance of the HEPZ aqueous solution and mixed-amine system with HEPZ, there is a need to measure the relevant experimental data.
[image: Figure 1]FIGURE 1 | Chemical structure of HEPZ, PZ, and MEA.
This study studied the HEPZ aqueous solution for CO2 capture, aiming to develop a rigorous thermodynamic model of HEPZ/CO2/H2O to accurately calculate the energy consumption during the capturing and then represent all relevant thermodynamic properties, such as vapor–liquid equilibrium (VLE), chemical reaction equilibrium, and heat capacity, which are important elements for the process simulation as well as optimization of CO2 capture. First, the gas–liquid double-circulation kettle was used to measure the VLE data for HEPZ/H2O at negative pressure and normal pressure, and the CO2 solubility data of HEPZ aqueous solutions with three concentrations (5 wt%, 15 wt%, and 30 wt%) as well as four temperatures (313.15, 343.15, 373.15, and 393.15 K) were measured using a stainless-steel reactor, which are necessary data for an accurate thermodynamic model. Data from the literature, such as heat capacity, saturated vapor pressure, etc., and the experimental data of this study were regressed to obtain the missing physical property parameters as well as interaction parameters of the model. Therefore, in this study, the activity coefficient model of electrolyte non-random double liquid (ENRTL) is adopted, which has been successfully used in the [image: image]system (Hessen et al., 2010; Zhang and Chen, 2011), PZ/CO2/H2O system (Frailie et al., 2011), and AMP/PZ/CO2/H2O system (Li et al., 2014a). The results calculated by the model in this study agreed with experimental data, and at the same time, the composition, cyclic capacity, and heat of absorption of the HEPZ aqueous system are predicted and analyzed by the model as well.
EXPERIMENT
Materials
In this study, the chemicals and their information are shown in the Supplementary Material. All chemicals were used without further purification. MEA was used for validation of experimental methods. Deionized water was used to prepare the aqueous solutions, and the amine solutions in this study are all liquid at room temperature.
Vapor–Liquid Equilibrium
In this study, a customized gas–liquid double-circulation device made of glass was adopted to determine the VLE data of the HEPZ aqueous solution. The working principle is gas–liquid dual circulation. The two circulating pumps are used to forcefully circulate the gas and liquid parts at the same time so that the gas and liquid phases are fully contacted and the time to balance is shortened. The equilibrium temperature can be accurately measured, and partial condensation is very small. The construction of the gas–liquid double-circulation device is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Gas–liquid double-circulation device: 1. vacuum pump, 2. heating rods, 3. boiling chamber, 4. liquid-phase sampling port, 5. vapor-phase sampling port, 6. balance cell, 7. temperature measuring cell, 8. magneton, 9. cock, 10. condensation pipe and pressure control system.
The device is made of glass. The solution is pumped into the boiling chamber from the reagent inlet at the bottom of the equipment and heated to boiling using the heating rod. The outer-side air of the boiling chamber is evacuated using a vacuum pump to vacuum for heat preservation. The boiling solution is flushed to the liquid sampling port by bubbles, and the thermometer put in the temperature-measuring cell candetermine the temperature of the boiling liquid phase in order to obtain the boiling point, which is stable after reaching boiling. The vapor enters the condensing tube and flows back to the gas sampling port after condensing; we closed the cock to hold the condensate, which is a sample of the gas phase. After opening the cock, the condensate and reagent are stirred using a magnet and continued to be heated to boil. The entire equipment is connected to an external pressure control device, which is brought to a certain negative pressure using a vacuum pump, achieving the control of the equipment pressure. Therefore, the equipment can obtain VLE data at different pressures. After the solution is boiled, the liquid and vapor phase samples are collected, and the concentration of each phase solution is measured using an Abbe refractometer. This equipment used in this study can measure the boiling point of a certain concentration of the solution and the vapor–liquid composition after boiling at a certain negative pressure or atmospheric pressure. The construction and the operation principle of the Abbe refractometer are provided in the Supplementary Material.
The main sources of error of the device are as follows: the sampling time after boiling is difficult to determine, and the accuracy of the pressure control device is limited; the fluctuation is about [image: image]0.2 kPa. The uncertainty of the thermometer used in this study is ±0.2°C. The color of some solutions turns yellow at high temperature. There will be a certain error in the analysis of the refractometer.
CO2 Solubility
According to Dong et al. (2010), CO2 solubility has been measured in the stainless-steel reactor. The apparatus contains four 400 cm3 stainless-steel equilibrium cells (they have an identical structure with the one shown in Dong’s research) that were designed to operate at a temperature as high as 130°C and a pressure as high as 1 MPa, a 500 cm3 stainless-steel gas container with a temperature transducer and a pressure transducer on the top, and CO2 and [image: image] tanks.
The key part of the device is the gas–liquid balance reactor, and the temperature in the gas and liquid phases was controlled using a heating jacket and then determined by two temperature transducers, whose accuracy was 0.1 K. A stirring paddle equipped in the kettle is driven by the external motor to generate magnetic force and drive the solution inside of the sealed kettle. The overall pressure was determined by a pressure transducer (JYB-KO-HAA, Kunlunhaian Co.), whose accuracy was about 0.5%. Meanwhile, the same temperature and pressure transducers were adopted by the CO2 gas container, which is used to obtain the total amount of CO2 that was introduced into the reactor by recording the pressure difference before and after each injection. Due to the simple structure of the gas chamber, the actual volume can be directly calibrated by the drainage method. However, the internal structure of the reactor is complicated and cannot be directly measured by the drainage method. Its actual volume is calibrated by the gas pressure difference method after measuring the volume of the CO2 gas chamber. At the beginning of each experiment, the reactor cell is washed by the remaining air through N2, and then, the aqueous amine solution with a volume of 100 cm3 is injected into the cell. Meanwhile, the temperature of the reactor was set at the experiment temperature. Later, CO2 was injected to the cell, and 10 h was provided for the absorption equilibrium after every injection.
The partial pressure of CO2 was obtained by determining the increase in the total pressure compared to the initial value after an injection of CO2, and it was assumed that the partial pressure of N2 and H2O was constant in each experiment. Using the Peng–Robinson (PR) cubic equation, the exact quantity at the gas phase was judged by three factors, including volume, pressure, and temperature (Peng and Robinson, 1976). Then, the dissolved CO2 concentration was expressed by CO2 loading with mole CO2/mole amine. The loading uncertainty was 8%, which was determined by the uncertainty of pressure, temperature, and volume, which were 0.5%, 0.1, and 0.5%, respectively. The uncertainty of CO2 partial pressure was estimated as 2%, and the details are shown in the study by Dong et al. (2010).
Validation of Experimental Methods
MEA/H2O/CO2, a well-known and widely studied system, was selected to verify the experimental methods. The CO2 solubility for the MEA solution has been measured in a vapor–liquid equalizer, as described in the study by Dong et al. (2010). In Dong et al.’s study, only the data at 313 K were verified. In order to verify the accuracy of experimental equipment in a wider temperature range, the same equipment was used to measure the CO2 solubility for 30 wt% MEA at 313.15 and 393.15 K. The experimental results are highly correlated with Lee et al. (1976)’s data and shown in Supplementary Material, but the CO2 pressure at a temperature of 313.15 K is slightly higher than the data from the literature, which is in line with the results of Dong et al. (2010).
To validate the gas–liquid double-circulation device for measurements, vapor–liquid equilibrium data for ethanol were measured at 293.15 K and 101.3 kPa. Then, these data were compared to those obtained from the literature. Data from this study agreed with the data from the study by Kurihara et al. (1993), as shown in Supplementary Material, validating the experimental method. The measurement accuracy of the Abbe refractometer is [image: image] nD.
THERMODYNAMIC SYSTEMS
Physical dissolution and chemical absorption happen in the process of CO2 captured by amine solution, so physical equilibrium and chemical equilibrium need to be considered. There are a variety of intermolecular interactions in the loaded solution, including the interactions between molecules, between molecules and ions, and between ions, making the solution deviate from the ideal state. It is necessary to introduce an activity coefficient model for correction. The relative theories of physical equilibrium, chemical equilibrium, and activity coefficient that need to be considered in establishing a thermodynamic model are introduced in this section.
Physical Equilibrium
In a vapor–liquid equilibrium system, the activity of the components during the liquid phase is the same as the fugacity during the gas phase. For the components of amines and water, which use pure substances as the reference state, the formula of equilibrium can be expressed as
[image: image]
For the component CO2 using the infinite dilution state as the reference state, which is amine and CO2, the equilibrium formula is as follows:
[image: image]
where [image: image] represents the mole fraction of component [image: image] at the gas phase, [image: image] represents the fugacity coefficient of component [image: image] at the gas stage, [image: image] represents the total pressure at the system temperature, [image: image] represents the vapor pressure of component [image: image] at the system temperature, [image: image] represents the mole fraction of component [image: image] at the liquid stage, [image: image] represents the asymmetric activity coefficient of [image: image] in water, and [image: image] represents Henry’s constant of [image: image] in water at the system temperature and vapor pressure of water.
The dependence of the Henry constant on temperature can be expressed as
[image: image]
The Redlich–Kwong (RK) equation of the state model was used to describe the gas phase. The Henry constant of CO2 in water was taken from the study by Chen et al. (1979).
Chemical Absorption
Chemical absorption reaction equations in the loaded HEPZ solution are as follows:
[image: image]
[image: image]
[image: image]
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All the reaction equilibrium constants of the reactions mentioned above can be obtained from the standard-state Gibbs free energies of the equations’ chemicals. The calculation equation is as follows:
[image: image]
where [image: image] represents the chemical equilibrium constant of reaction [image: image], [image: image] represents the universal gas constant, [image: image] represents the temperature, and [image: image] represents the reference state Gibbs energy change of reaction [image: image]. Knowing the standard Gibbs free energy, the standard enthalpy of each component’s formation, and the heat capacity in the reference state in the reaction equilibrium equation, the equilibrium constant of each reaction can be calculated. For reactions four to six, the equilibrium constants from the previous studies were usually consistent with the concentrations based on the molality. However, in this study, the model is on the basis of the mole fraction. Therefore, the equilibrium constants were converted by the method mentioned in the study by Li et al. (2014a).
Protonation reactions 7 and 8 produced new ions [image: image] and [image: image] in solution, which are absent in the ion database of Aspen. Therefore, the standard-state thermodynamic properties of [image: image] and [image: image] are lacked in Aspen and need to be manually adjusted to fit the [image: image] values from the study by Hamborg and Versteeg (2009). For [image: image] and [image: image], the standard-state thermodynamic properties are regressed from [image: image] solubility data obtained in this study. Using the thermodynamic properties of the products and the reactants, the equilibrium constants of all reactions can be obtained.
Activity Coefficient
Referring to 3.2, a series of reactions will take place in the loaded HEPZ solution, and multiple ions were produced in the process. The interaction between ions causes the liquid system to gradually deviate from the ideal state. It needs to introduce a coefficient model with accurate activity for calculations and simulation. In this study, the activity coefficients for binary interactions in the unloaded amine solution were calculated by the NRTL model, but those for the molecule–molecule binary, molecule–ion pair binary, and ion pair–ion pair binary in the loaded amine solution were calculated by the ENRTL model. The dependence of binary parameters on the temperature can be expressed as
[image: image]
where [image: image] can be molecule–molecule, molecule–ion pair, ion–molecule pair, or ion pair–ion pair. Meanwhile, the binary parameter [image: image] is 0.3 for the molecule–molecule interaction, 0.2 for the molecular–ion pair interaction, and 0 for the ion pair–ion pair interaction, and the default values for both ion pair–ion pair and molecule–molecule binary parameters are 0. The default value of the molecule–ion pair binary parameters [image: image] is (8, −4) when the molecule is H2O; otherwise, the default values are set at 8 and −15. The default values for [image: image] are 0.
RESULTS OF MODELING
All data and their range and resource used for regression are listed in Table 1.
TABLE 1 | Data used for regression.
[image: Table 1]N-(2-Hydroxyethyl) Piperazine
The heat capacity data of HEPZ obtained from the study by Poozesh et al. (2013), Tagiuri (2019) were regressed to acquire the ideal gas heat capacity constants ([image: image]), and Antoine’s constants were from the database of Aspen; the value and standard deviation are listed in Table 2. Most of the parameters’ standard deviations shown in Table 1 are far smaller than those contained therein. The heat capacity calculated by the model was in good agreement with the value from experimental data, and the average relative deviation was 0.09% for the heat capacity.
TABLE 2 | Parameters regressed for HEPZ and their deviations.
[image: Table 2]The dependence of Antoine’s constants on the temperature is expressed as [image: image], but for [image: image], it is [image: image]. Numbers 1–4 correspond to the letters A–D, respectively.
N-(2-Hydroxyethyl) Piperazine + H2O
The data from experiments and the literature were regressed in this model, including excess enthalpy, the VLE data acquired in this study, and heat capacity (Poozesh et al., 2013; Tagiuri, 2019) for the mixed solution of HEPZ/H2O. The [image: image] values were obtained by regression through manual adjustment of the standard-state properties of [image: image] and [image: image]. The regressed parameters along with their standard deviations are shown in Table 3.
TABLE 3 | Parameters regressed for HEPZ/H2O and their deviations ([image: image]).
[image: Table 3]In this study, VLE data at 30 kPa, 40 kPa, 55 kPa, 70 kPa, and 85 kPa and the atmosphere pressure of 101 kPa were measured. Because the viscosity of the high-concentration solution of HEPZ is too large, it is not convenient for experimental measurements. The mass fraction range of HEPZ in this experiment is 0.1–0.75. Figure 3 shows the data obtained by the experimental measurement and the data calculated by the model. The upper line and points represent for the mole fraction of HEPZ at the gas phase ([image: image]), and the lower ones stand for the mole fraction of HEPZ at the liquid phase ([image: image]). Because the solution will turn yellow at high temperature, there will be certain errors in the analysis with a refractometer. Besides, the boiling point of HEPZ is much higher than that of H2O, and the concentration of HEPZ in the gas phase distilled from the HEPZ solution in this study is very low, resulting in a larger measurement error. The average relative deviation of the VLE data [image: image]/[image: image] of HEPZ at negative pressure is 1.66%/70.9%, 1.26%/57.7%, 0.294%/46.7%, 0.0519%/8.17%, and 0.529%/153%, respectively. The average relative deviation of the VLE data [image: image]/[image: image] of HEPZ at atmosphere pressure is 0.760%/57.2%.
[image: Figure 3]FIGURE 3 | VLE data for HEPZ/H2O at 30 kPa, 40 kPa, 55 kPa, 70 kPa, 85 kPa, and 101 kPa. (A) Gas-phase data; (B) liquid-phase data: lines, Aspen results: blue, 30 kPa; yellow: 40 kPa; gray: 55 kPa; red: 70 kPa; green: 85 kPa; and black: 101 kPa; points, this study: ●, 30 kPa; ■, 40 kPa; □, 55 kPa; ▲, 70 kPa; ○, 85 kPa; and ◆: 101 kPa.
HEPZ has two dissociation constants pKa1 and pKa2, which are regressed by the manual adjustment of the standard-state properties of [image: image] and [image: image], with the standard formation Gibbs Free Energy at 298.15 K [image: image], the standard enthalpy of formation at 298.15 K [image: image], and the infinite dilution state heat capacity parameter at 298.15 K [image: image]. The non-randomness factor [image: image] was a fixed value (0.3), and the results of these properties are listed in Table 3. The average value of the relative deviation between the pKa1 and pKa2 data from the study by Hamborg and Versteeg (2009) and Aspen is 0.01%.
Poozesh et al. (2015) and Tagiuri (2019) measured the heat capacity values for HEPZ/H2O at various temperatures ranging from 303 to 353 K, and the mole fraction of HEPZ ranges from 0.1 to 0.9. In Figure 4, the calculated value of the model is compared with the measured value of the literature. In the high-concentration area, Figure 5 shows that there is a good correlation between the value calculated by Aspen and the experiment values. However, in the area of low concentration, the experiment values increase as T increases, and the calculated values do not show the same trend. The average relative deviation of all points is 0.0235%. The excess enthalpy of HEPZ/H2O calculated by Aspen is shown in Figure 5, and the average value of the relative deviation for excess enthalpy regression was 8.57%.
[image: Figure 4]FIGURE 4 | Heat capacity values for HEPZ/H2O (lines: Aspen, this study; points: ●: [image: image]; ●: [image: image]; ●: [image: image]; ●: [image: image]; ●: [image: image]; ●: [image: image]; ●: [image: image]; ●: [image: image]; and ●: [image: image]).
[image: Figure 5]FIGURE 5 | Excess enthalpy of HEPZ/H2O.
N-(2-Hydroxyethyl) Piperazine/H2O/CO2
CO2 solubility data were measured by the method in 2.3, and then, they were regressed to acquire the ENRTL parameters as well as the standard-state properties [image: image], [image: image], and [image: image] for [image: image] and [image: image], [image: image], and [image: image] for [image: image]. The non-randomness factor [image: image] was a fixed value (0.2). The results of the regression are shown in Table 4. The experimental data as well as the calculation results obtained by the model are shown in Figure 6. The experimental data were calculated by the model, and the mean relative deviation of the regression for 5 wt% HEPZ in Figure 6A is 13.35%, and it is 9.79% for 15 wt% HEPZ in Figure 6B and 14.98% for 30 wt% HEPZ in Figure 6C.
TABLE 4 | Parameters regressed for HEPZ/H2O/CO2 and their deviations ([image: image]).
[image: Table 4][image: Figure 6]FIGURE 6 | (A) CO2 solubility into 5 wt% HEPZ/H2O (lines, model results; points, this study: ◆, 313.15 K; ■, 343.15 K; ▲, 373.15 K; and ●, 393.15 K); (B) CO2 solubility into 15 wt% HEPZ/H2O (lines, model results; points, this study: ◆, 313.15 K; ■, 343.15 K; ▲, 373.15 K; and ●, 393.15 K); (C) CO2 solubility into 30 wt% HEPZ/H2O (lines, model results; points, this study: ◆, 313.15 K; ■, 343.15 K; ▲, 373.15 K; and ●, 393.15 K).
Cyclic Capacity
Circulating capacity is an important property to characterize the properties of amines, and there are two ways to calculate cyclic capacity. When considering a CO2 removal rate of 90% in the absorber, one way (way 1) is defining lean loading as the CO2 loading when the partial pressure of CO2 is 1 kPa at a temperature of 313.15 K, and the rich loading of CO2 partial pressure is 10 kPa. Meanwhile, cyclic capacity represents the difference between the rich and lean loadings with the unit of [image: image] of CO2/kg of the solvent.
However, in the actual operation of the absorption tower, the absorption tower is not at a constant temperature, and at the bottom of the tower, the rich loading is determined by the equilibrium partial pressure of CO2 in the flue gas as well as the temperature of the liquid. Also, the lean loading is defined by the desorption tower and not by the equilibrium partial pressure of CO2 in the top gas of the absorption tower. The other way (way 2) to calculate cyclic capacity is defining lean loading as the [image: image] loading when the partial pressure of [image: image] is 15 [image: image]at 393.15 [image: image] and rich loading as 15 [image: image] of [image: image] partial pressure at 313.15[image: image]. All results are shown in Table 5.
TABLE 5 | Cyclic capacity for 5 wt%, 15 wt%, and 30 wt% HEPZ solutions by way 1 and way 2.
[image: Table 5]Speciation
Figure 7 shows the speciation data for 5 wt%, 15 wt%, and 30 wt% HEPZ solutions at a temperature of 313.15 K forecast by the model. For 5 wt% and 15 wt% HEPZ solutions, when the loading is 0–0.5, most of the CO2 absorbed is converted into [image: image] and [image: image], and the other is converted into [image: image]; most HEPZ is converted into [image: image]. At the loading of 0.5–1, the main reactants are CO2, HEPZ, and [image: image], and some [image: image] and [image: image] are also consumed to generate [image: image] and [image: image]. For the 30 wt% HEPZ solutions, when the loading is lower than 0.3, HEPZ is consumed and converted to [image: image], [image: image], [image: image], and [image: image], and the important products are [image: image] and [image: image]. At a loading of 0.3–0.7, [image: image] becomes a reactant which is converted to [image: image]. At a greater loading, the proportion of [image: image] and [image: image] continues to increase, and the proportion of [image: image] and [image: image] decreases, showing the CO2 absorbed mainly converted to [image: image]. It is because the solution is more alkaline in this loading range, which is consistent with the theoretical analysis. As the concentration of HEPZ increases, the [image: image] produced by the reaction gradually decreases.
[image: Figure 7]FIGURE 7 | Speciation for CO2 absorbed into 5 wt% (A), 15 wt% (B), and 30 wt% (C) HEPZ/H2O solutions at 313.15 K.
Reaction Equilibrium Constant and Heat of Reaction
With the activity coefficient as well as mole fraction of species in the 30 wt% HEPZ solutions at different temperatures calculated by the Aspen model, the equilibrium constants of the reactions in the system can be obtained as a function of temperature as follows:
[image: image]
where [image: image] represents the [image: image] on the basis of the mole fraction, [image: image] represents reaction numbers 1–7, [image: image] is the activity coefficient of component [image: image], [image: image] represents the mole fraction of component [image: image], and [image: image] represents the stoichiometric coefficient of component [image: image] in reaction [image: image]. The parameters of the [image: image] curve calculated by Aspen through regression are shown in Table 6.
TABLE 6 | Parameters of equations for reaction equilibrium constants.
[image: Table 6]The overall differential heat of reaction [image: image] is the sum of the heat contributions [image: image] obtained from each of the seven reactions occurring in the solution, which are mentioned in [image: image], and in this study, there is one more reaction that was considered to denote the dissolution equilibrium of [image: image] from the gas phase to the liquid phase:
[image: image]
Heat of Absorption Meanwhile, the heat of CO2 physical dissolution [image: image] also contributes to [image: image], given by
[image: image]
where [image: image] represents the reaction degree of the key component of reaction [image: image] when absorbing 1 mole CO2, which can be calculated by the incremental change of the key component when 1 mole CO2 is absorbed.
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
where [image: image] represents the changes of the number of moles of component [image: image] and [image: image] represents the total moles of CO2 that were absorbed to improve the content of CO2 from one loading to a higher one. The Van’t Hoff equation can be adopted to calculate the heat contributions [image: image] from each of the seven reactions, given as follows:
[image: image]
where the equation parameters of [image: image] are listed in Table 6, and the equation for [image: image] is
[image: image]
As this study did not take into account the species interaction, only the heat of physical dissolution and the chemical reaction heat were considered, but the excess enthalpy was not. [image: image] is calculated for analyzing the contribution of reactions to the heat of absorption, and the values of [image: image] at a temperature of 313.15 K are 52.53, 3.63, 10.58, 27.49, 21.71, −47.20, and 48.9[image: image], and [image: image]equals 1–7. The physical heat of CO2 dissolution [image: image] is −18 [image: image]at a temperature of 313.15 K. The total differential chemical reaction heat as well as the heat released by the seven reactions and the heat from CO2 dissolution in 30 wt% HEPZ solution are shown in Figure 8. This part aims to carry out a discussion on the contribution of reactions to the total absorption heat, and Eq 17 only calculates the heat of physical dissolution, the chemical reaction heat, and the excess enthalpy, so the results are lower than the actual heat of absorption.
[image: Figure 8]FIGURE 8 | Differential heat of reaction in 30 wt% HEPZ at 313.15 K (—: total differential chemical reaction heat; ┅: heat of each reaction).
CONCLUSION
In this study, CO2 solubility was measured using the stainless-steel reactor for HEPZ aqueous solutions with three concentrations (5 wt%, 15 wt%, and 30 wt%) and four temperatures. Then, the VLE data for HEPZ/H2O were acquired using a gas–liquid double-circulation kettle at negative pressures (30 pKa, 40 pKa, 55 pKa, 70 pKa, and 85 pKa) and atmosphere pressure, within various mole fractions. The e-NRTL model as well as the sequential regression method were adopted to successfully develop a rigorous thermodynamic model for HEPZ/CO2/H2O in Aspen Plus. The missing physical parameters for HEPZ and the amine ions and the physical properties of interactions of NRTL as well as ENRTL were regressed from data acquired from this study and the literature. Based on the data from this study and the corresponding literature, the missing physical parameters of HEPZ, the standard state characteristics of amine ions, the interaction parameters of the non-random two-liquid model (NRTL), and ENRTL were regressed, including vapor pressure as well as heat capacity [image: image] of HEPZ, vapor–liquid equilibrium (VLE), heat capacity of mixture aqueous solutions, pKa data for HEPZ/H2O, and CO2 solubility data for HEPZ/CO2/H2O. All calculated results agreed with the data obtained from experiments andCarbon capture and storage (CCS), as the process of capturing CO the literature.
The composition, cyclic capacity, and heat of absorption of the HEPZ aqueous system were predicted and analyzed by the model. Then, the heat of absorption reduced dramatically when the loading became higher. Meanwhile, the concentration of HEPZ indicated a negative impact on the absorption heat within the whole studied loading range, while the temperature showed a positive impact on the absorption heat, and the higher the temperature, the more obvious the tendency of the heat of absorption to decrease due to the load increase. The cyclic capacity increases as the concentration of HEPZ increases. Besides, the activity coefficient of all the species became larger when the concentration went higher. At a low loading, the main productors are [image: image] and [image: image]. At a greater loading, [image: image] is converted to [image: image]. As the concentration of HEPZ increases, the [image: image] produced by the reaction gradually decreases.
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