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Abstract: 13

A rate-based non-equilibrium model is developed for CO2 absorption with the mixture of 14

piperazine and potassium carbonate solution. The model is based on the mass and heat transfer 15

between the liquid and the gas phases on each packed column segment. The thermodynamic 16

equilibrium assumption (physical equilibrium) is considered only at the gas-liquid interface and 17

chemical equilibrium is assumed in the liquid phase bulk. The calculated mass transfer 18

coefficient from available correlations is corrected by the enhancement factor to account for the 19

chemical reactions in the system. The Extended-UNIQUAC model is used to calculate the non- 20

idealities related to the liquid phase, and the Soave-Redlich-Kwong (SRK) equation of state is 21

used for the gas phase calculations. The thermodynamic analysis is also performed in this study. 22

The enhancement factor is used to represent the effect of chemical reactions of the piperazine 23

promoted potassium carbonate solution, which has not been considered given the rigorous 24

electrolyte thermodynamics in the absorber. The developed model showed good agreement 25

with the experimental data and similar studies in the literature.  26

Keywords: Amine mixture; CO2 capture; Absorption; Rate-based model; Extended- 27

UNIQUAC. 28

1. Introduction 29

Chemical absorption is known as the most developed technique for CO2 separation [1]. Utilising 30

an optimal solvent with a high loading capacity, high stability, low regeneration energy, and 31

fast reaction rates can improve the absorption process. For the chemical adsorption of CO2, a 32
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multitude of solvents is commonly used which include solutions of amine, ammonia, carbonate, 33 

hydroxide, and alkanolamine salt solutions [2]. Although single component solutions are most 34 

utilised in absorbing carbon dioxide, mixtures of different components can be used to enhance 35 

the absorption capacity. This study aims to address the absorption of CO2 in mixtures of an 36 

amine, piperazine (PZ), in salt solutions of potassium carbonate. Prior to describing the model 37 

used in this study, a review of CO2 absorption in different amines is presented to highlight the 38 

significance of piperazine, potassium carbonate mixtures as compared with other commonly 39 

used solvents.  40 

1.1. Single Amine Solutions 41 

Alkanolamines [3] are the most famous chemical solvents used for CO2 absorption. There have 42 

been many studies focusing on the chemistry, reaction kinetics, thermodynamic or process 43 

modelling of CO2 absorption in amine solutions in the different types of unit operations such 44 

as trayed columns, packed columns with different packings, and rotating packed bed (RPB).  45 

Different alkanolamines have different absorption behaviour, with primary or secondary amines 46 

having fast reactivity and absorption. On the contrary, tertiary, or sterically hindered amines 47 

(SHA) show high absorption equilibrium capacity and low solvent stripping cost. 48 

Monoethanolamine (MEA) and methyldiethanolamine (MDEA) are some of the most 49 

frequently used commercial amines in the chemical industry. The higher reaction rate of MEA 50 

with CO2 compared to other amines, along with its low cost and low operating pressure 51 

requirement makes MEA a significant solvent used in the industry [4,5]. Although MDEA has 52 

lower reactivity performance in comparison with MEA, it can provide advantages by having 53 

higher CO2 loading capacity, low heat of regeneration and high CO2 absorption [6]. However, 54 

in terms of heat of absorption, diethanolamine (DEA) is reported to have better performance 55 

than the aforementioned alkanolamines [7]. In addition to these standard absorption solvents 56 

that are used as single-component solutions, PZ and 2-amino-1-methyl2-propanol (AMP) are 57 

also used as chemical absorbents for the CO2 chemical absorption process. Larger alkanolamine 58 

solution can also be used, however, unlike the above-stated amines, triethanolamine (TEA) and 59 

diisopropanolamine (DIPA) are more often used in mixed solvent solutions [7]. 60 

PZ is a cyclic amine that has shown acceptable absorption capacity even in concentrated 61 

conditions [8]. PZ has low vapour pressure, good promoting performance, low degradation and 62 

low corrosivity. It has also strong thermal stability, allowing it to be employed at temperatures 63 

up to 150 °C, which is significantly greater than the usually used upper limit of 120 °C for 64 

MEA. However, solids can be formed at a combination of relatively low temperatures and CO2 65 
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loading (below 0.6 mol CO2 per mol PZ at 0 °C), and a high CO2 loading (above 0.9 mol CO2 66 

per mol PZ). This problem is considered as the main disadvantage of this amine [9].  67 

In comparison with PZ, the AMP solution has a higher CO2 absorption rate and capacity, being 68 

in the same order of magnitude as the MDEA solution, with 1 mol of CO2 being absorbed by 1 69 

mol amine. Moreover, AMP has lower energy consumption in regeneration, brilliant selectivity, 70 

higher resistance to degradation, and a lower corrosion rate compared with the conventional 71 

amines mentioned [10]. 72 

1.2. Blended Amine Solutions 73 

To enhance the absorption process, aqueous blends of amines have been extensively studied in 74 

the literature. One common approach is blending MEA with MDEA, a mixture that exploits the 75 

high absorption rate of MEA and the high equilibrium capacity of MDEA [11]. 76 

Aqueous mixtures of PZ and MDEA have also been used in industrial operations, albeit to a 77 

limited degree [12]. This mixture is known as activated methyldiethanolamine (aMDEA) [13]. 78 

As mentioned before, PZ is a cyclic symmetric diamine and contains two amino groups, each 79 

mole of PZ is theoretically able to remove two moles of CO2 and PZ may intensify the fast 80 

creation of carbamates. CO2 reacts with PZ to make zwitterions, which are then deprotonated 81 

to produce PZ-carbamate, and CO2 is quickly transferred to MDEA. PZ can be thought of as a 82 

catalyst that accelerates the rate of CO2 and MDEA reactions [14]. Other benefits of using PZ 83 

in the mixture with MDEA include increased resistance to oxidation and thermal degradation. 84 

Using MDEA with PZ is also beneficial given that MDEA has resistance to degradation, is 85 

suitable for application in concentrations up to 60 wt%, is not corrosive and there is minimal 86 

solvent loss [6]. 87 

For blends of AMP, Choi et al [15] mixed AMP with hexamethylenediamine (HMDA), MDEA, 88 

and PZ separately. The authors reported that the addition of HMDA showed the most 89 

enhancement in the reaction rate of AMP. This study has been further extended by studying the 90 

blend under three different concentrations of MDEA+AMP at three different temperatures [10]. 91 

The results showed that increasing AMP concentration can improve the absorption capacity of 92 

the MDEA aqueous solution. The mixture of AMP and PZ is known as CESAR-1. This mixture 93 

requires approximately 25% less heat for regeneration than MEA, which was previously used 94 

as a reference solvent and has a high resistance to degradation. The cost of implementing 95 

CESAR1 in coal-fired power plants was previously estimated at 17% compared to the advanced 96 

MEA process [16]. 97 
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In addition to the above-mentioned amines mixtures, in a study [17], 1-dimethylamino-2- 98 

propanol (1DMA2P) and MEA were mixed, and the equilibrium solubility of CO2 in the 99 

mixture was experimentally reported for the first time. The results showed that the increment 100 

in the blend mole ratio of 1DMA2P/MEA results in higher CO2 absorption capacity. A blend 101 

ratio of 4/1 (1DMA2P/MEA) showed the highest CO2 absorption capacity of 0.9342 mol 102 

CO2/mol amine at 181.5 KPa. Conway et al. [18] worked on CO2 absorption at 40 °C into 103 

aqueous solutions of Benzylamine (BZA), and the mixture of BZA contain MEA and 2-Amino- 104 

2-methyl-1-propanol (AMP) as the second amine components, respectively. They found the 105 

mixture containing BZA/MEA and BZA/AMP demonstrated significantly faster absorption 106 

rates in CO2 loaded solutions up to 0.3 (mol CO2 per mol MEA) than in unblended MEA 107 

solutions at similar alkalinity. From their data, KG values for the BZA/AMP blend are some 108 

~75% larger than the blend containing MEA/AMP. Gao et al. [19] also formulated a blend by 109 

mixing N, N-Diethylethanolamine (DEEA) and piperazine (PZ). They investigated absorption 110 

rate, cyclic CO2 capacity and regeneration rate for 2 mol/L DEEA/PZ with various molar ratios 111 

at 313.15 K and 353.15 K in a hollow fibre membrane contactor. They revealed that the higher 112 

CO2 absorption rate and desorption rate and the highest cyclic CO2 capacity of 0.8540 mol 113 

CO2/L occur when they use the DEEA/PZ solution with the molar ratio of 1.50:0.50. In another 114 

study [20], the same authors investigated the equilibrium and kinetics of CO2 absorption into 115 

blends of DEEA and PZ, N-(2aminoethyl) ethanolamine (AEEA) and 1,6-hexamethyl diamine 116 

(HMDA), and indicating the CO2 absorption rates for the mixtures are much higher than that of 117 

DEEA. Another application of amines blends could be seen in non-energy industrial processes 118 

(e.g., lime kiln process) that the exhausted CO2 is in high concentration and at high temperature. 119 

Nwaoha et al. [21] studied CO2 capture from the lime kiln by using 1,5–diamino–2– 120 

methylpentane (DAMP) blended with AMP. They revealed that in comparison with the single 121 

MEA solvent, the AMP-DA2MP blend shows higher CO2 absorption efficiency (up to 36.17%), 122 

higher 𝐾𝐺𝑎𝑣(𝑎𝑣𝑒)(up to 65.85%), higher 𝐾𝐿𝑎𝑣 (up to 28.29%) and lower 𝑄𝑟𝑒𝑔 (up to 32.54%). 123 

Hamidi et al. [22] have investigated the CO2 solubility and regeneration of aqueous solution of 124 

MDEA and MEA mixed by DAMP. They used an isothermal batch reactor at various MDEA 125 

to MEA ratios and DAMP concentration. Results showed that the absorption rate and capacity 126 

of the base solution are directly proportional to the DAMP concentration in the sample.  127 

1.3. Amine Promoted Potassium Carbonate Solution 128 

The potassium carbonate solution is a promising alternative to amine solutions that showed 129 

many advantages, mainly because of its low regeneration energy, low degradation rates and low 130 
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corrosivity [23]. However, a particular disadvantage of using these mixtures is the low reaction 131 

rate of K2CO3 with CO2. This can be ameliorated by the addition of other components as 132 

promoters. One prevalent approach is the addition of amines as promoters to improve its 133 

performance and effectiveness [3]. Hu et al. [24] reviewed and summarised different amines 134 

mixed with potassium carbonate solutions for CO2 absorption. They revealed that, although 135 

MEA promoted potassium carbonate is known as a well-established promoted solution for CO2 136 

absorption, the high regeneration energy requirement, the degradation, and corrosion issues are 137 

still extant as a result of MEA. It is illustrated that adding a small amount of DEA (2–5 wt.%) 138 

results in an overly increase in the CO2 absorption rate into potassium carbonate. Moreover, the 139 

DEA promoted potassium carbonate solution has been demonstrated to have a good 140 

performance in post-combustion CO2 capture application in a tray column [25]. Bhosale et al. 141 

[26] studied the absorption of CO2 in the aqueous blend of potassium carbonate, 142 

Ethylaminoethanol, and N-methyl-2-Pyrollidone (called Aqueous Potassium Carbonate 143 

Ethylaminoethanol N-methyl-2Pyrollidone (APCEN) solvent). In their study, the absorption 144 

rate of CO2 in the APCEN solvent was 18.8% higher than the APCE solvent (aqueous potassium 145 

carbonate promoted by Ethylaminoethanol) at 303 K. Another research by Mondal et al. [27] 146 

tested aqueous bis(3-aminopropyl) amine known as Dipropylenetriamine (DPTA) and its 147 

mixture with MEA, MDEA, AMP and K2CO3. They revealed that the (DPTA + K2CO3) mixture 148 

is superior among other mixtures regarding the loading capacity, enthalpy, and viscosity.  149 

Mixtures of PZ and potassium carbonate is reported as a promising solvent for CO2 absorption 150 

[28]. Cullinane and Rochelle [29] used 0.6 m piperazine as an additive in 20–30 wt% potassium 151 

carbonate in the wetted wall column at 40-80 oC. The addition of 0.6 m piperazine to 20 wt% 152 

potassium carbonate increased the rate of CO2 absorption and the heat of absorption from 3.7 153 

to 10 kcal/mol. Hilliard and Rochelle [30] modelled the thermodynamics of the mixture of PZ 154 

and K2CO3 using E-NRTL thermodynamic model in Aspen Plus. They obtained the binary 155 

adjustable parameters for this mixture. Cullinane and Rochelle [31] reported that under typical 156 

experimental conditions, concentrated K+/PZ mixtures have absorption rates that are 2-3 times 157 

faster than 5 M MEA at constant 𝑃𝐶𝑂2
∗ . In another study, Cullinane et al. [32] illustrated that 5 158 

m K+/2.5 m PZ (mol/kg water), provides CO2 solubility and capacity comparable to 7m (30 159 

wt%) MEA. The heat of CO2 absorption is less than that in MEA solutions (22 kcal/mol) and 160 

decreases from 16 to 9 kcal/mol as temperature increases from 40 to 80 °C and rich CO2 vapour 161 

pressure increases from 100 to 5000 Pa. This decrease in heat of CO2 absorption, which should 162 

reduce the heat requirement for stripping. They also reported that the rate of CO2 absorption is 163 

1 to 5 times faster than into 7 m MEA. 164 
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1.4. Novel Contribution of This Study 165 

In this study, a systematic framework has been developed to model CO2 absorption using 166 

mixtures of PZ + K2CO3 solution in a packed column with different compositions. The 167 

systematic framework can be used for any other chemical solvents. The Extended UNIQUAC 168 

thermodynamic model is used to perform the thermodynamic calculation of the system. 169 

Experimental data extracted from literature are extracted to find out the required parameters of 170 

the Extended UNIQUAC thermodynamic model. In addition to thermodynamic modelling and 171 

analysis, a process model using different mixtures of PZ and Potassium Carbonate for CO2 172 

absorption is developed in this study. Experimental pilot plant data from literature [33] are used 173 

to validate the process model. These data are CO2 absorption in two different mixtures 5 m 174 

(mol/kg H2O) K+
 + 2.5 m PZ and 6.4 m K+ + 1.6 m PZ using two different types of packings in 175 

the absorber column. The performance of the solvent is discussed in the simulated absorber 176 

column. In addition to modelling the column, thermodynamic modelling of CO2 absorption in 177 

PZ + K2CO3 is presented.  178 

2. Model development 179 

A general framework for mathematical modelling of the CO2 absorption process (Figure 1) is 180 

developed. This modelling framework can be used for any chemical absorption process and 181 

helps to generate a specific model describing CO2 absorption using piperazine-promoted 182 

potassium carbonate solution.  183 
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 184 

Figure 1: Schematic diagram of systematic modelling framework of the CO2 absorption 185 

process. 186 

As shown in Figure 1, the specific model generation procedure consists of four main steps: 187 

Problem definition, Model description, Model construction and solution, Model validation, and 188 

analysis. The modelling framework starts with the problem definition in terms of the overall 189 

modelling objectives and details of the process to be studied. The overall objective of this 190 

modelling is the utilisation of the Extended UNIQUAC thermodynamic model in the 191 

development of a non-equilibrium rate-based mathematical model for the absorber of 192 

piperazine promoted potassium carbonate process as well as using the enhancement factor to 193 

account for the effects of the chemical reaction on the CO2 capturing by PZ promoted potassium 194 

carbonate process. Also, the performance of this solvent in capturing CO2. This mathematical 195 

model considers the effects of chemical reactions, phase equilibria, and column hydrodynamics 196 

on the mass and heat transfer between vapour and liquid phases.  197 

The process details could be operational characteristics/assumptions such as steady versus 198 

unsteady state, equilibrium versus non-equilibrium, adiabatic versus non-adiabatic. The main 199 

assumptions in the process should be considered in this step as follow:  200 

Summation Relations 

 

Mass Balance Equations 

Heat Balance Equations 

 

Equilibrium Relation 

“MESH Equations” 

Physical Property Models 

“Constitutive Equations” 

Mass and Heat Transfer Coefficients 

Mass and Heat Transfer Relations 

Hydrodynamic Equations 

Phase Equilibria Equations 

Enhancement Factors 

Model Development 

Chemical System Components 

Model Description 

Problem Definition 

Overall Objective Process Details 

Result Analysis 
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• Chemical equilibrium among the reacting species in the liquid phase is assumed in the 201 

liquid phase bulk. 202 

• Axial dispersion is not considered. 203 

• The interfacial surface area is the same for heat and mass transfer (complete wetting of 204 

the tray or packing is assumed). 205 

• The absorption column is adiabatic (well-insulated). 206 

• The condition is steady state. 207 

• The pressure drop across the trays is negligible. 208 

• Only carbon dioxide and water will diffuse from the gas phase to the liquid phase. 209 

The model description step in the framework is related to introducing the components and 210 

species of the system. The thermodynamic method (activity coefficient model), which account 211 

for the effects on non-idealities, is considered in this step. There are numerous data issues to be 212 

identified that are of immediate use in the model construction, as well as used in the longer- 213 

term issue of model validation.  214 

This study deals with one gas stream and one liquid stream (PZ promoted potassium carbonate 215 

solution), with the two streams being at contact in order to transfer the CO2 from the gas stream 216 

to the liquid solution. In the systems under study, there are CO2, K2CO3, KHCO3, PZ, and H2O. 217 

Then according to these components, the species such as K+, HCO3
−, CO3

2−, H+, OH−, H2O, 218 

CO2, PZ, PZCOO−, PZH+, PZH2
2+, H+PZCOO−, PZ(COO−)2 should be considered in the 219 

electrolyte system. 220 

The model construction and solution are concerned with listing the necessary equations for the 221 

process model and solving them using an appropriate strategy. The appropriate modelling of 222 

the reactive absorption column depends on the proper selection of column internals, sufficient 223 

knowledge of the process behaviour, and details about the column's design. By using the 224 

approach used by Krishnamurthy and Taylor [34] and according to Figure 1, the rate-based 225 

model for the PZ-promoted potassium carbonate process in a packed column is developed. In 226 

non-equilibrium rate-based modelling, the MERQ equations must be considered for the system 227 

under study. The MERQ equations (Mass balance equations; Energy balance equations; Rate 228 

(Transfer rate) equations; eQuilibrium relations) are composed of MESH equations (Mass 229 

balance equations; Equilibrium relation; Summation relations; Enthalpy balance equations) and 230 

some more equations (namely transfer rates, transfer coefficients, chemical reactions, phase 231 

equilibria, hydrodynamic equations, and physical properties of the chemical systems which can 232 

be found in the literature and textbooks). To have more clear information about the required 233 
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equations for this modelling the flowing list can be considered for a non-equilibrium rate-based 234 

model with enhancement factor: 235 

• Material/mass balance 236 

• Equilibrium relations 237 

• Summation equations 238 

• Enthalpy/heat balances 239 

• Mass transfer relations 240 

• Heat transfer relations 241 

• Reaction kinetics (Enhancement factor) 242 

• Phase equilibria relations 243 

• Hydrodynamic relations 244 

2.1. Model Equations 245 

All of the above-mentioned equations of the model are presented in the following subsections: 246 

2.1.1. The MESH equations 247 

Mass balance equations, Equilibrium relation, Summation relations, and Heat (Enthalpy) 248 

balance equations) are the governing equations of the CO2 absorption model and are 249 

summarised in Table 1.  250 

Table 1: Main governing equations of the model (mass balance, equilibrium relation, 251 

summation relations, and heat balance). 252 

Mass Balance for Gas and Liquid Phases 

𝑑𝐺

𝑑𝑧
= −(𝑁𝐶𝑂2 + 𝑁𝐻2𝑂)𝑎𝑤𝐴𝑐 (1) 

𝐺
𝑑𝑦𝐶𝑂2
𝑑𝑧

= −𝑦𝐶𝑂2
𝑑𝐺

𝑑𝑧
− 𝑁𝐶𝑂2𝑎𝑤𝐴𝑐 = 𝑁𝐻2𝑂𝑦𝐶𝑂2𝑎𝑤𝐴𝑐 − 𝑁𝐶𝑂2(1 − 𝑦𝐶𝑂2)𝑎𝑤𝐴𝑐 (2) 

𝐺
𝑑𝑦𝐻2𝑂

𝑑𝑧
= −𝑦𝐻2𝑂

𝑑𝐺

𝑑𝑧
− 𝑁𝐻2𝑂𝑎𝑤𝐴𝑐 = 𝑁𝐶𝑂2𝑦𝐻2𝑂𝑎𝑤𝐴𝑐 − 𝑁𝐻2𝑂(1 − 𝑦𝐻2𝑂)𝑎𝑤𝐴𝑐 (3) 

𝑑𝐿

𝑑𝑧
= −𝑁𝐻2𝑂𝑎𝑤𝐴𝑐 (4) 

𝐿
𝑑𝑥𝐶𝑂2
𝑑𝑧

= −𝑥𝐶𝑂2
𝑑𝐿

𝑑𝑧
− 𝑁𝐶𝑂2𝑎𝑤𝐴𝑐 = (𝑁𝐻2𝑂𝑥𝐶𝑂2 − 𝑁𝐶𝑂2)𝑎𝑤𝐴𝑐 (5) 

𝐿
𝑑𝑥𝐻2𝑂

𝑑𝑧
= −𝑥𝐻2𝑂

𝑑𝐿

𝑑𝑧
+ (𝑁𝐶𝑂2 − 𝑁𝐻2𝑂)𝑎𝑤𝐴𝑐 = (𝑁𝐶𝑂2 − 𝑁𝐻2𝑂(1 − 𝑥𝐻2𝑂)) 𝑎𝑤𝐴𝑐 (6) 

𝐿
𝑑𝑥𝐾2𝐶𝑂3
𝑑𝑧

= −𝑥𝐾2𝐶𝑂3
𝑑𝐿

𝑑𝑧
+ 𝑁𝐶𝑂2𝑎𝑤𝐴𝑐 = (𝑁𝐻2𝑂𝑥𝐾2𝐶𝑂3 +𝑁𝐶𝑂2)𝑎𝑤𝐴𝑐 (7) 

𝐿
𝑑𝑥𝐾𝐻𝐶𝑂3
𝑑𝑧

= −𝑥𝐾𝐻𝐶𝑂3
𝑑𝐿

𝑑𝑧
− 2𝑁𝐶𝑂2𝑎𝑤𝐴𝑐 = (𝑁𝐻2𝑂𝑥𝐾𝐻𝐶𝑂3 − 2𝑁𝐶𝑂2)𝑎𝑤𝐴𝑐 (8) 

𝐿
𝑑𝑥𝑃𝑍
𝑑𝑧

= −𝑥𝑃𝑍
𝑑𝐿

𝑑𝑧
− 𝑁𝐶𝑂2𝑎𝑤𝐴𝑐 = (𝑁𝐻2𝑂𝑥𝑃𝑍 − 𝑁𝐶𝑂2)𝑎𝑤𝐴𝑐 (9) 

𝐿
𝑑𝑥𝑃𝑍𝐻+

𝑑𝑧
= −𝑥𝑃𝑍𝐻+

𝑑𝐿

𝑑𝑧
− 𝑁𝐶𝑂2𝑎𝑤𝐴𝑐 = (𝑁𝐻2𝑂𝑥𝑃𝑍𝐻+ − 𝑁𝐶𝑂2)𝑎𝑤𝐴𝑐 (10) 
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𝐿
𝑑𝑥𝑃𝑍𝐶𝑂𝑂−

𝑑𝑧
= −𝑥𝑃𝑍𝐶𝑂𝑂−

𝑑𝐿

𝑑𝑧
− 𝑁𝐶𝑂2𝑎𝑤𝐴𝑐 = (𝑁𝐻2𝑂𝑥𝑃𝑍𝐶𝑂𝑂− − 𝑁𝐶𝑂2)𝑎𝑤𝐴𝑐 (11) 

Equilibrium Relation 

𝑦𝑖,𝑗 = 𝐾𝑖,𝑗 ∙ 𝑥𝑖,𝑗 
(12) 

Summation Relations 

∑𝑦𝑖,𝑗 = 1

𝑁

𝑖=1

 and  ∑𝑥𝑖,𝑗 = 1

𝑁

𝑖=1

 (13) 

Heat Balance for Gas and Liquid Phases 

𝐺𝐶𝑃𝐺
𝑑𝑇𝐺
𝑑𝑧

= (𝑁𝐶𝑂2 + 𝑁𝐻2𝑂)𝑎𝑤𝐴𝑐𝐶𝑃𝐺𝑇𝐺 − (𝑁𝐶𝑂2𝐶𝑃𝐶𝑂2 + 𝑁𝐻2𝑂𝐶𝑃𝐻2𝑂) 𝑎𝑤𝐴𝑐𝑇𝐺 − 𝑞𝑎𝑤𝐴𝑐 
(14) 

𝐿𝐶𝑃𝐿
𝑑𝑇𝐿
𝑑𝑧

= (𝑁𝐶𝑂2𝐶𝑃𝐶𝑂2 + 𝑁𝐻2𝑂𝐶𝑃𝐻2𝑂) 𝑎𝑤𝐴𝑐
(𝑇𝐿 − 𝑇𝐺) − 𝑞𝑎𝑤𝐴𝑐

+ (𝑁𝐶𝑂2∆𝐻𝐶𝑂2 + 𝑁𝐻2𝑂∆𝐻𝐻2𝑂)𝑎𝑤 
(15) 

 253 

2.1.2. Mass and Heat Transfer Relations 254 

From the two-film theory, the rate of CO2 absorption into potassium carbonate solution can be 255 

expressed as follow: 256 

𝑁CO2 = 𝐾GCO2(𝑃CO2 − 𝑃CO2
∗ ) (16) 

𝑃CO2 is the partial pressure of CO2 in the gas bulk and 𝑃CO2
∗  is the equilibrium partial pressure 257 

of CO2 corresponding to its concentration in the liquid bulk. It is noteworthy that 𝑃CO2 − 𝑃CO2
∗  258 

is the driving force for mass transfer. The estimation of liquid side resistance to mass transfer 259 

requires knowledge of the effect of chemical reactions on mass transfer. Using the rigorous 260 

thermodynamic model (Extended UNIQUAC) the PCO2
∗  is calculated. KGCO2  is the overall gas- 261 

phase mass transfer coefficient of carbon dioxide and represents the resistance to mass transfer: 262 

1

𝐾GCO2
=

1

𝑘GCO2
+

𝐻e,CO2
ECO2𝑘LCO2

 (17) 

This equation consists of two terms; one is the gas phase resistance (1 𝑘GCO2⁄ ) and the other is 263 

the liquid phase resistance (𝐻CO2 𝐸CO2𝑘LCO2⁄ ). HCO2 is Henry's law constant for the CO2, K2CO3 264 

system (atm m3/kmol). Another mass transfer flux that can be considered here is NH2O. It can 265 

be assumed that there is no liquid side mass transfer resistance of the solvent to water vapour. 266 

Then the overall mass transfer coefficient for water is as follow: 267 
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𝑁H2O = 𝐾GH2O(𝑃H2O − 𝑃H2O
∗ ) (18) 

The heat transfer rate is given by the following equation: 268 

𝑞 = ℎ𝐺(𝑇𝐺 − 𝑇𝐿) (19) 

2.1.3. Mass and Heat Transfer Coefficients 269 

There are several correlations for calculating the mass transfer coefficients and the effective 270 

area in columns. In this study, we are dealing with a packed column, and then the random and 271 

structured packing must be considered. The available correlations are different from each other 272 

in terms of accuracy, limitations, and applicability for a specific system [35]. The correlation 273 

of mass transfer presented by Bravo and Fair [36] is used. In addition, the interfacial area 274 

correlations were selected corresponding to the mass transfer coefficient model.  275 

𝑘𝐺 = 5.23 (
𝐺

𝑎p𝜇𝐺
)

0.7

(𝑆𝑐𝐺)
1/3(𝑎p𝑑p)

−2
(
𝑎p𝐷𝐺

𝑅𝑇𝐺
) 

𝑘𝐿 = 0.0051 (
𝐿

𝑎w𝜇𝐿
)
2/3

(𝑆𝑐𝐿)
−1/2(𝑎p𝑑p)

0.4
(
g𝐷𝐿
𝜌𝐿
) 

𝑎w = 𝑎p {19.78 (
𝜌𝐺𝑈𝐺
𝑎p𝜇𝐺

)

0.392

(
𝜇𝐿𝑈𝐿

2

𝜎𝐿
)

0.392

(
𝜎𝐿
0.5

𝑍0.4
)} 

(20) 

2.1.4. Reaction Effects on Rate Based Modelling 276 

In order to account for the effects of the reactions on the rate-based model, the reaction rate 277 

constants (to account for the equilibrium reactions) and enhancement factors (to account for the 278 

kinetic reactions) were implemented in this systematic framework.  279 

2.1.4.1. Equilibrium Reactions 280 

When CO2 is being absorbed in the aqueous solution of potassium carbonate, the following 281 

equilibrium reactions must be considered in the liquid aqueous phase: 282 

2H2O(aq)
KI
↔   OH−(aq) + H3O

+(aq) (R.1) 

CO2(aq) + 2H2O(aq)
KII
↔   HCO3

−(aq) + H3O
+(aq) (R.2) 

HCO3
−(aq) + H2O(aq)

KIII
↔   CO3

2−(aq) + H3O
+(aq) (R.3) 

When PZ is added to the potassium carbonate solution, some side reactions must be considered 283 

in the liquid aqueous phase: 284 

PZH+(aq) + H2O(aq)
KIV
↔   PZ(aq) + H3O

+(aq) (R.4) 
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PZH2
2+(aq) + H2O(aq)

KV
↔   PZH+(aq) + H3O

+(aq) (R.5) 

PZ(aq) + HCO3
−(aq)

KVI
↔   PZCOO−(aq) + H2O(aq) 

(R.6) 

PZCOO−(aq) + HCO3
−(aq)

KVII
↔ PZ(COO−)2(aq) + H2O(aq) 

(R.7) 

H+PZCOO−(aq) + H2O(aq)
KVIII
↔    PZCOO−(aq) + H3O

+(aq) (R.8) 

where PZCOO− is piperazine carbamate, PZ(COO−)2 is piperazine dicarbamate, H+PZCOO− is 285 

protonated piperazine carbamate, and PZH+ is protonated piperazine, PZH2
2+ is diprotonated 286 

piperazine. Reactions (R.1) to (R.8) are water dissociation, bicarbonate formation, carbonate 287 

formation, PZ protonation, PZ diprotonation, PZ carbamate formation, PZ dicarbamate 288 

formation, and protonated PZ carbamate formation, respectively. The equilibrium constant (Kj) 289 

for reactions (R1) to (R8) can be calculated using the temperature-dependent function: 290 

ln 𝐾𝑗 = 𝐴1 +
𝐵1
𝑇
+ 𝐶1 ln 𝑇 + 𝐷1𝑇 (21) 

The parameters of equilibrium constants are summarised in Table 2.  291 

Table 2: Parameters for the chemical equilibrium constant. 292 

Reaction 𝐴 𝐵 𝐶  𝐷 Reference 

KI 132.899 -13446 -22.477  0 [37] 

KIII 216.049 -12432 -35.481  0 [37] 

KII 231.465 -12092 -36.781  0 [37] 

KIV 241.5 -21918 -34.35  0 [38] 

KV 14.134 2192.3 0   -0.0174 [38] 

KVI -10.15 21980 44.42  0 [31] 

KVII -13.26 1990 0  0 [31] 

KVIII -25.91 -5700 0  0 [31] 

 293 

2.1.4.2. Kinetic Reactions 294 

Enhancement factors are used to incorporate the effect of slow or kinetically controlled 295 

chemical reactions on mass transfer and consequently to account for the liquid side resistance. 296 

The enhancement factors are described as the absorption rate ratio with a chemical reaction to 297 

the rate without the chemical reaction. Due to the complexity related to enhancement factors 298 

determinations, in most studies, analytical expressions are used, which depend on the mass 299 

transfer theory and the rate of absorption. The analytical expression of the enhancement factor 300 

accounting for the mass transfer describing two films, penetration, and surface renewal theories 301 

is a function of a dimensionless number called the Hatta number. The kinetic chemical reactions 302 

in the PZ promoted potassium carbonate system are described as follow: 303 
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CO2(aq) + OH
−(aq) → HCO3

−(aq) (R.9) 

HCO3
−(aq) → CO2(aq) + OH

−(aq) (R.10) 

PZ(aq) + CO2(aq) + H2O(aq) → PZCOO
−(aq) + H3O

+(aq) (R.11) 

PZCOO−(aq) + H3O
+(aq) → PZ(aq) + CO2(aq) + H2O(aq) (R.12) 

PZCOO−(aq) + CO2(aq) + H2O(aq) → PZ(COO
−)2(aq) + H3O

+ (R.13) 

PZ(COO−)2(aq) + H3O
+(aq) → PZCOO−(aq) + CO2(aq) + H2O(aq) (R.14) 

The liquid phase mass transfer relations described in Section 2.1.2 must be multiplied by the 304 

enhancement factor. The enhancement factor that has been used in this study is as follow [39]: 305 

𝐸 = 𝐻𝑎 = √
𝐷𝐿𝑘

𝑘𝐿
2  (22) 

where 𝐷𝐿 is the diffusivity of CO2 in piperazine-promoted potassium carbonate solution, k is 306 

the overall apparent first-order rate constant (kOH−[OH
−] + kAmine[Amine]), 𝑘𝐿 is the liquid 307 

side mass transfer coefficient described in equation (20). Details about kinetic reactions are 308 

presented by Chen [33] and did not repeat here. 309 

2.1.5. Phase Equilibria Calculations 310 

The phase equilibria calculations (also known as thermodynamic calculations), namely the 311 

speciation equilibria (liquid phase equilibria/chemical equilibria); vapour-liquid equilibria 312 

(physical equilibria) must also be considered in the model [40]. 313 

2.1.5.1. Speciation Calculation (Chemical Equilibrium Calculation) 314 

To estimate the species compositions in the liquid phase composed of CO2, H2O, K2CO3, and 315 

KHCO3, 7 species must be considered: K+, HCO3
−, CO3

2−, H+, OH−, CO2, and H2O. There are 316 

13 unknowns (𝑥𝑖 and 𝛾𝑖
∗ for all species except water and 𝛾𝑤). To find the unknowns, 13 317 

independent equations are required. Five chemical equilibrium constants, three mass balances, 318 

one charge balance, nine 𝛾𝑖
∗ expressions which must be calculated using a thermodynamic 319 

model, and one 𝛾𝑤 expression. In the case of PZ-promoted potassium carbonate solution, 13 320 

species must be considered: K+, HCO3
−, CO3

2−, H+, OH−, H2O, CO2, PZ, PZCOO−, PZH+, 321 

PZH2
2+, H+PZCOO−, and PZ(COO−)2. All the speciation equations for H2O-K2CO3-KHCO3- 322 

CO2 and H2O-K2CO3-KHCO3-PZ-CO2 systems are: 323 

Total CO2 Balance For the system without PZ: (23) 
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xCO2 + xHCO3− + xCO32− = xCO2,Tot 

For the system with PZ: 

xCO2 + xHCO3− + xCO32− + xPZCOO− + xH+PZCOO−

+ 2xPZ(COO−)2 = xCO2,Tot 

Total PZ Balance xPZ + xPZH22+ + xPZH+ + xPZCOO− + xH+PZCOO−

+ xPZ(COO−)2 = xPZ,Tot 

(24) 

Electro-Neutrality 

(Charge Balance) 

For the system without PZ: 

xH3O+ + xK+ = xOH− + xHCO3− + 2xCO32−  

For the system with PZ: 

xH3O+ + xK+ + xPZH+ 

= xOH− + xHCO3− + 2xCO32− + 2xPZ(COO−)2 + xPZCOO− 

(25) 

Chemical 

Equilibrium 

Constants 

KI =
xH3O+ ∙ xOH−

xH2O
2 ∙

γH3O+
∗ ∙ γOH−

∗

γH2O
2  

(26) 

KII =
xH3O+ ∙ xHCO3−

xCO2 ∙ xH2O
2 ∙

γH3O+
∗ ∙ γHCO3−

∗

γCO2
∗ ∙ γH2O

2  
(27) 

KIII =
xH3O+ ∙ xCO32−

xHCO3− ∙ xH2O
∙
γH3O+
∗ ∙ γCO32−

∗

γHCO3−
∗ ∙ γH2O

 
(28) 

KIV =
xH3O+ ∙ xPZ

xPZH+ ∙ xH2O
∙
γH3O+
∗ ∙ γPZ

∗

γPZH+
∗ ∙ γH2O

 
(29) 

KV =
xH3O+ ∙ xPZH+

xPZ ∙ xH2O
∙
γH3O+
∗ ∙ γPZH+

∗

γPZ
∗ ∙ γH2O

 
(30) 

KVI =
xHCO3− ∙ xPZ

xPZCOO− ∙ xH2O
∙
γHCO3−
∗ ∙ γPZ

∗

γPZCOO−
∗ ∙ γH2O

 
(31) 

KVII =
xH3O+ ∙ xPZ(COO−)2
xPZCOO− ∙ xH2O

∙
γH3O+
∗ ∙ γPZ(COO−)2

∗

γPZCOO−
∗ ∙ γH2O

 
(32) 

KVIII =
xH3O+ ∙ xPZCOO−

xH+PZCOO− ∙ xH2O
∙
γH3O+
∗ ∙ γPZCOO−

∗

γH+PZCOO−
∗ ∙ γH2O

 
(33) 

Overall mole 

fraction balance 
∑𝑋𝑖

𝑛

𝑖=1

= 1 
(34) 

where γi
∗ and γH2O used in these relations are calculated using the Extended UNIQUAC 324 

thermodynamic model. It should be noted that, in this study, the Extended UNIQUAC model 325 
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is applied for speciation calculations, vapour-liquid equilibria calculations, and thermal 326 

properties estimations in aqueous solutions containing electrolytes and non-electrolyte species. 327 

2.1.5.2. Vapour-Liquid Calculation (Physical Equilibrium Calculation) 328 

CO2 is the solute, and H2O is the solvent. In the solution containing CO2, PZ, and water, for 329 

volatile compounds, the vapour-liquid equilibrium relations can be considered as: 330 

CO2(g) ⇌ CO2(aq) (R.15) 

H2O(g) ⇌ H2O(aq)  (R.16) 

Table 3 gives Henry's law constant of CO2 in pure water according to equation (35). The He is 331 

in Pa, and the temperature is in K. The Henry's constant has been presented by several 332 

investigators and has the overall format as: 333 

ln 𝐻𝑒 = 𝐴2 +
𝐵2
𝑇
+ 𝐶2 ln(𝑇) + 𝐷2𝑇 (35) 

Table 3: Henry's law constants. 334 

Component 𝐴2 𝐵2 𝐶2 𝐷2 Reference 

CO2
 159.1997 -8477.711 -21.9574 0.00578 [41] 

2.1.6. Hydrodynamic Equations 335 

Hydrodynamic relations enable the column outputs to be related to the geometrical aspects and 336 

operating conditions; therefore, these relations led to the scale-up design optimisation [42]. 337 

Hydrodynamic relations include the liquid hold up, pressure drop, and vapour heat contribution. 338 

The liquid holdup is an effective parameter on the packed column operation for calculating the 339 

kinetic reaction rates and directly affects the liquid phase mass transfer, loading behaviour, gas- 340 

phase pressure gradients, and mass transfer [43]. The particle model hydrodynamic 341 

correlations, presented by Stichlmair et al. [44], are used in this study. These correlations are 342 

simple and have a greater theoretical consistency than the corresponding channel model 343 

hydrodynamic correlations [44]. The hydrodynamic correlations for the liquid holdup, vapour 344 

holdup, pressure drop and so on are presented in Table 4. 345 

Table 4: The hydrodynamic correlations for the liquid holdup, vapour holdup, and pressure 346 

drop used in this study. 347 

 

Liquid Volumetric Holdup 𝜙𝐿 = 0.555 (
𝑉𝐿
2 ∙ 𝑎

𝑔 ∙ 𝜀4.65
)

1/3

(1 + 20 (
∆𝑃𝑖𝑟𝑟

𝐻 ∙ 𝜌𝐿 ∙ 𝑔
)
2

) 

Vapor Volumetric Holdup 𝜙𝐺 = 𝜀 − 𝜙𝐿 
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Dry Bed Pressure Drop 

∆𝑃dry

𝐻
=
3 ∙ fo
4
(
1 − 𝜀

𝜙4.65
)
𝜌𝐺 ∙ 𝑉𝐺

2

dp
, fo =

C1
ReG

+
C2

√ReG
+ C3 

ReG =
𝜌𝐺 ∙ 𝑉𝐺 ∙ dp

μG
, dp =

6 ∙ (1 − 𝜀)

a
 

Irrigated Bed Pressure Drop 
∆𝑃irr
∆𝑃dry

= (
1 − 𝜀 + 𝜙𝐿
1 − 𝜀

)

2+𝑐
3
(1 −

𝜙𝐿
𝜀
)
−4.65

 

Vapor Head Contribution ∆𝑃vap = 𝐻 ∙ 𝜌𝐿 ∙ 𝜙𝐺 ∙ 𝑔 

Overall Pressure Drop ∆𝑃 = ∆𝑃irr + ∆𝑃vap 

where 𝜙𝐿 is the liquid volumetric holdup, 𝜙𝐺  is the volumetric vapour holdup, 𝜙𝐿𝑜 is the pre- 348 

loading liquid volumetric holdup, v is the flow velocity, 𝑔 is gravitational constant, ΔP is the 349 

pressure drop over the packed bed, ΔPvap is the pressure drop due to the static head of vapour 350 

in the packing, H is packing height, 𝜌 is mass density, fo is the particle friction factor, Re is the 351 

Reynolds number, 𝜇 is the viscosity, and C1, C2, and C3 are packing specific constants. The 352 

characteristics and required information for packing used in this study are summarised in Table 353 

5. 354 

Table 5: The characteristics of packing for metal random packing used in this study [44]. 355 

Packing Type Type/Size 𝐝𝐏 (𝐦) 𝐚 (𝐦𝟐 𝐦𝟑⁄ ) 𝜺 * 𝐂𝟏 𝐂𝟐 𝐂𝟑 

Flexipac 

1Y 0.050 420 0.910 -1.58 0.63 0.84 

AQ style 20 0.060 225 0.930 0.84 -0.11 0.58 

*𝜀 is the void fraction, a is surface area of packing and dP is the packing diameter.  356 

2.1.7. Thermodynamic Models and Physical Properties 357 

To accurately determine the non-ideal behaviour of the potassium carbonate process, special 358 

properties and thermodynamic models are required. In rate-based modelling and simulation, the 359 

absorption processes detail speciation of all species in the liquid phase, including ions, and 360 

appropriate acidity coefficients are required [45]. Various property calculations methods and 361 

models can be achieved from literature or empirical correlations [46]. Thermodynamic and 362 

physical property models used in this study are summarised by their references in Table 6. 363 

Table 6: Thermodynamic and physical property models are used in the rate-based model of 364 

the PZ-promoted potassium carbonate process. 365 

Phase Property Model Name Reference 

 

 

 

 

Mixture molar enthalpy Extended UNIQUAC [47] 

Mixture molecular weight Weighted Average [46] 

Activity coefficients Extended UNIQUAC [47] 

Diffusivity of a component in a mixture Wilke-Chang modification [46] 
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Liquid 

Mixture molar volume Brelvi-O'Connell [37] 

Mixture viscosity Empirical Correlation [48] 

Mixture molar density Empirical Correlation [48] 

Mixture heat capacity Empirical Correlation [48] 

Mixture thermal conductivity Empirical Correlation [49] 

Mixture surface tension Empirical Correlation [49] 

Vapour Pressure Extended Antoine [49] 

 

 

 

 

Gas 

Mixture molar enthalpy Soave-Redlich-Kwong [46] 

Mixture molecular weight Weighted Average [46] 

Fugacity coefficients Soave-Redlich-Kwong [46] 

Diffusivity of a component in a mixture Blanc's law  [46] 

Mixture molar volume Soave-Redlich-Kwong [46] 

Mixture viscosity Chung et al. (1988) Rule [50] 

Mixture molar density Soave-Redlich-Kwong [46] 

Mixture heat capacity Empirical Correlation [46] 

Mixture thermal conductivity Chung et al. (1988) method [50] 

The Extended UNIQUAC thermodynamic model [51] and the property models were applied to 366 

complete the physical and thermodynamic calculations for the non-equilibrium rate-based 367 

modelling of the piperazine-promoted potassium carbonate process. Extended UNIQUAC 368 

includes volume and surface area parameters and energy interaction parameters. Many 369 

experimental data were collected and used to obtain the optimum interaction parameters using 370 

regression for the Extended UNIQUAC model for PZ-promoted potassium carbonate solution. 371 

The used experimental data [52–62] are illustrated in Table S.1. However, some of the 372 

parameters are extracted from literature [47]. The parameters of Extended UNIQUAC are 373 

summarized in Tables S.2-S.4. 374 

2.2. Model Solution 375 

In the absorber column of potassium carbonate, the gas stream is fed at the bottom. The lean 376 

PZ-promoted potassium carbonate solution is fed at the top of the column. These two streams 377 

are specified completely. The treated gas and rich solution, which leave the absorber's top and 378 

bottom, respectively, usually are incompletely specified. Thus, the state of non-ends of the 379 

column is not specified fully, which leads to a two-point boundary value problem. The diversity 380 

of problems of the boundary value type has generated a variety of methods for their solution, 381 

methods such as the shooting method, the finite difference method, and the collocation method. 382 

In this work, the collocation method is used. The collocation method is available in MATLAB 383 

software under the name bvp4c and bvp5c, which is used to solve the model's equations. 384 
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2.3. Model Validation and Results Analysis 385 

There are pilot plant scale data on the CO2 absorption by PZ promoted potassium carbonate 386 

solutions [33]. This data is used to validate the results obtained from the model. To analysis the 387 

model, various charts and profiles are plotted. 388 

3. Results and Discussion 389 

3.1. Thermodynamic modelling results 390 

The predicted CO2 partial pressures and experimental data for in 20 wt% equivalent 391 

concentration of potassium carbonate solution (with the solution containing CO2, H2O, K2CO3, 392 

and KHCO3) and for a solution including 5 m of potassium ion and 2.5 m piperazine (the 393 

solution containing CO2, H2O, PZ, K2CO3, and KHCO3) are compared in Figure 2 and Figure 394 

3 respectively. In general, there is a good agreement between the model predictions and the 395 

experimental values. As can be seen in Figure 2 and Figure 3 the isotherms predicted by the 396 

Extended UNIQUAC thermodynamic model are nearly parallel. This is possibly caused by the 397 

constant enthalpy (heat) of absorption with changes in loading. The amount of loading has a 398 

considerable effect on the calculations since for the loadings lower than one, the CO2 is 399 

significantly converted to bicarbonate and the amount of free CO2 in the solution is negligible 400 

[59]. In this work, the Extended UNIQUAC model predicted the CO2 solubility data of Tosh et 401 

al. [63] in 20% equivalent concentration of K2CO3 with average absolute relative deviation 402 

(AARD%) around 10.9% which is comparable with the works of Cullinane [64] and Hilliard 403 

[59]. In addition, the model predicted the CO2 solubility data of Hilliard [59] for 2.5 m PZ plus 404 

5 m potassium ion with an average absolute relative deviation of around 13.52%. 405 
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 406 

Figure 2: CO2 partial pressure in 20 wt% equivalent concentration of potassium carbonate  407

solution at four different temperatures; Points: [63]; Lines: Extended UNIQUAC.  408
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Figure 3: CO2 partial pressure in the solution contains 5 m of potassium ion plus 2.5 m 410 

piperazine at five different temperatures; Points: [59] and [62]; Lines: Extended UNIQUAC. 411 

3.2. Process modelling results 412 

In this study, the PZ-promoted potassium carbonate process pilot plant data presented by Chen 413 

[33] are used to validate the developed model. Chen [33] developed a rate-based model for his 414 

experimental data. However, he mainly focused on the effective interfacial area and average 415 

heat losses. The author [33] also optimised the absorber column with respect to its height and 416 

diameter and a comprehensive sensitivity analysis has been carried out. It has been highlighted 417 

that understanding solvent composition is essential for the study of CO2 removal for PZ 418 

promoted potassium carbonate process. Chen et al. [33] have carried out a multitude of pilot 419 

plant experiments, with data available for three experimental set up, with the first two using a 420 

absorbent compositions of 5 m K+ + 2.5 m PZ with two types of packing namely Flexipac 1Y 421 

and Flexipac AQ 20, and the third using a composition of 6.4 m K+ + 1.6 m PZ and Flexipac 422 
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AQ 20 as packing. Concentrations of PZ and K2CO3 were measured using titration and 423 

chromatography methods, with a precision of approximately ±10%. In all columns, a chimney 424 

tray and liquid redistributors were used between each bed of packing. The gas stream contains 425 

CO2, which enter the absorber column is a synthetic gas contained CO2, N2, and water. The 426 

process flow diagram of the absorption-desorption pilot plant is illustrated in Figure 4. 427 

 428 

Figure 4: Schematic diagram of absorber and stripper of PZ-K2CO3 process [33]. 429 

The characteristics of the absorber column reported by Chen [33] are demonstrated in Table 7. 430 

It should be noted that in the data presented by Chen [33], the profiles for the CO2 mole fraction 431 

in the gas phase, CO2 loading, and temperature along the column were not report. Therefore, 432 

no data exists for the mentioned properties along the column. However, other studies on 433 

chemical reactive absorption processes can be inferred from to understand the profile of the 434 

missing information along the column. For example, the study of Tontiwachwuthikul et al. [65] 435 

has been used in a considerable number of studies [66,67]. The component concentration can 436 

be converted to the mole fractions using the following relations: 437 

𝑛𝐾2𝐶𝑂3 = 𝑚𝐾+ 2⁄  (36) 

𝑛PZ = 𝑚PZ (37) 

𝑛𝐶𝑂2𝑡𝑜𝑡 = 𝑚𝐶𝑂2𝑡𝑜𝑡 = Ldg. (2𝑛PZ + 𝑛𝐾+) (38) 

𝑛H2O = 1000 𝑀𝑤H2O⁄ = 55.508 (39) 

𝑥𝑖 = 𝑛𝑖 ∑𝑛𝑖⁄  
(40) 

wherein these relations 𝑚i is the molality of component i (mol/kg H2O), 𝑥𝑖 is the mole fraction 438 

of component i (∑𝑥𝑖 = 1), 𝑛𝑖 is the number of moles of component i, Ldg is the CO2 loading 439 

of solution (mol CO2
tot/mol K+ + 2mol PZ), and Mw𝑖 is the molecular weight of component i 440 

(gr/mol).  441 
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In this study, 10 stages are considered for the absorber column model given that using this 442 

number of stages, an agreement is observed between the model and experimental data in terms 443 

of the CO2 concentration in the outlet gas stream and adding more stages did not resulted in 444 

considerable separation. Experimental data reported by Chen [33] is used to validate the model 445 

in this study. The composition of the solvent blend is 5 m K+ + 2.5 m PZ solution and 6.4 m 446 

K+ + 1.6 m PZ using two different types of packing. Three different experimental runs have 447 

been selected to validate the process model. More details about the experimental data that have 448 

been used in this study can be found in Table 7. 449 

Table 7: Characteristics of the absorber of PZ-K2CO3 process [33]. 450 

Run 1 2 3 

Solvent Composition 5 m K+ +2.5 m PZ 5 m K+ +2.5 m PZ 6.4 m K+ +1.6 m PZ 

Column Diameter (m) 0.427 0.427 0.427 

Column Height (m) 10.7 10.7 10.7 

Packing Height (m) 6.1 6.1 6.1 

Packing Type Flexipac 1Y Flexipac AQ 20 Flexipac AQ 20 

Absorber Pressure (bar) 1 1 1 

K2CO3 concentration (mol/kg 

solvent) in the solution 

1.5 1.5-2 1.8-2.4 

PZ concentration (mol/kg 

solvent) in the solution 

1.3-1.4 1.4-1.5 1.0-1.2 

K+/PZ mole ratio 2.0-2.3 2.1-2.3 3.9-4.0 

Inlet CO2 (mol%) 2.6-12.6 8.0-17.6 14.3-18.0 

Gas Rate (kg/m2.s) 1.2-2.2 1.2-2.0 1.2-2.0 

L/G (kg/kg) 1.7-7.1 3.9-10.8 8.3-14.5 

Inlet Gas Temperature (℃) 30-64 40 40-41 

Lean Liquid Temperature (℃) 39-48 40-46 39-46 

Lean CO2 Loading  

(mol CO2/(mol K++2 mol PZ)) 

0.43-0.54 0.39-0.45 0.45-0.51 

 451 

The rate-based model characteristics and the modelling results according to the selected pilot 452 

plant runs are presented in Table 8. In this table, the experimental temperatures of inlet and 453 

outlet gas and liquid streams are listed according to Chen [33]. The predicted temperatures are 454 

compared to the experimental amounts. As can be seen, the predicted amounts of outlet gas 455 

stream are higher than experimental amounts considerably, which maybe due to the high 456 

amount of heat of CO2 absorption in the solution and some heat loss amounts in the pilot plant 457 

data. For the liquid stream, the temperatures show more match the experimental data.  458 
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Table 8: Summary of rate-based model predictions and selected experimental data. 

 

Run  1  2  3 

Number  1.1 1.2 1.3 1.4  2.1 2.2 2.3 2.4  3.1 3.2 3.3 3.4 

Exp. Inlet gas stream temperature (℃)  47.2 50.8 47.2 47.1  40.1 40.1 39.9 40.5  41.1 38.7 40 40 

Exp. Inlet liquid stream temperature (℃)  41.2 41.4 41.2 40.1  46.7 45.0 43.3 40.0  38.8 39.5 40 39.4 

Exp. Outlet gas stream temperature (℃)  38.6 45.8 38.6 36.3  46.7 43.4 47.2 37.3  34.1 36.8 36.6 35.3 

Calc. Outlet gas stream temperature (℃)  42.8 51.8 47.0 44.5  50.6 56.4 54.3 53.3  45.6 47.0 40.8 42.2 

Exp. Outlet liquid stream temperature (℃)  45.9 46.6 48.0 48.0  50.9 50.6 47.3 51.2  43.7 44.5 46.2 46.1 

Calc. Outlet liquid stream temperature (℃)  49.4 46.8 51.6 53.7  54.6 53.8 50.6 55.1  49.8 52.2 52.8 53.6 

Absorber operation pressure (atm)  1 1 1 1  1 1 1 1  1 1 1 1 

Gas stream flow (m3/min)  12.7 17.0 9.9 14.2  8.5 11.3 14.2 14.2  8.5 8.5 8.5 8.5 

Exp. CO2 in inlet gas stream  0.104 0.117 0.119 0.162  0.1663 0.1277 0.1075 0.1394  0.1572 0.1664 0.1669 0.1517 

Exp. H2O in inlet gas stream  0.07 0.07 0.07 0.07  0.07 0.07 0.07 0.07  0.07 0.07 0.07 0.07 

Exp. N2 in inlet gas stream  0.826 0.813 0.811 0.768  0.763 0.802 0.822 0.790  0.7728 0.763 0.763 0.778 

Liquid stream flow (L/min)  47.2 49.4 43.7 77.4  45.4 54.8 55.1 75.8  87.0 79.3 68.2 56.8 

Exp. Density liquid out (kg/ m3)  1237.0 1238.0 1238.0 1233.0  1230.0 1228.0 1227.0 1223.0  1275 1265.0 1266.0 1267.0 

Calc. Density liquid out (kg/ m3)  1240.4 1244.6 1239.8 1236.1  1235.9 1236.5 1239.7 1233.6   1288.5 1288.3 1287.2 

Exp. CO2 in outlet gas stream  0.019 0.040 0.019 0.020  0.023 0.010 0.019 0.019  0.049 0.036 0.052 0.043 

Calc. CO2 in outlet gas stream   0.018 0.044 0.017 0.032  0.024 0.013 0.016 0.014  0.048 0.037 0.053 0.042 
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As can be seen in Table 8, the rate-based model can predict the CO2 mole fraction in 

the outlet gas stream in quantitative agreement with experimental data. Other properties are also 

accurately predicted.  

Figure 5 shows the CO2 concentration profile for the gas phase in the PZ promoted potassium 

carbonate process using the Bravo and Fair [36] mass transfer correlation. For all cases, most 

of the CO2 is removed from the gas stream at the top of the column (stage 1) given that at the 

top, the liquid solution is CO2 lean, leading to the highest-pressure gradient, and mass transfer 

of CO2 from the gas to the liquid phase. According to Table 7, the differences between Run 1.1 

and 2.1 is related to the type of packing (Flexipac 1Y vs Flexipac AQ 20) and mole fraction of 

CO2 in the inlet gas stream with the same composition of solvent (5 m K+ +2.5 m PZ). Run 1.1 

and 2.1 showing the same trend. The CO2 concentration in the inlet gas stream for Run 2.1 and 

3.1 is almost the same. As can be seen the CO2 concentration for Run 2.1 decreasing more 

dramatically than Run 3.1 and the final value of the CO2 in the outlet gas stream for Run 3.1 is 

more than the value of CO2 in the outlet gas stream for Run 2.1. This showing that more amount 

of PZ (2.5 m vs 1.6 m) can result in more separation of CO2. 

 

Figure 5: CO2 mole fraction profile in the gas stream along the packed column. 

The liquid temperature profile for three selected runs is presented in Figure 6. The temperature 

reaches a maximum at intermediate stages. This maximum is important in the liquid phase as it 

significantly affects the absorption rates in the column since the kinetics of the absorption 

reaction, the phase equilibrium of the system, and all fluid transport properties depend on the 

temperature. The existence of the maximum can be explained based on the balance of the heat 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

1 2 3 4 5 6 7 8 9 10

C
O

2
m

o
le

 f
ra

ct
io

n
 i

n
 g

a
s 

st
re

a
m

Stage Number

Pred Run 1.1

Pred Run 2.1

Pred Run 3.1

Exp Data Run 1.1

Exp Data Run 2.1

Exp Data Run 3.1



23 

 

released from the reaction of CO2 with the liquid solution and the heat consumed by processes 

including water evaporation, heating of the liquid and gas streams, and heat loss to the 

environment. If the heat released from the absorption reaction is more than the heat consumed, 

the temperature will rise. According to the shape of the temperature maximum (bulge), Zhang 

et al. [68] considered three absorber temperature profiles. 

The shapes of the temperature profiles for gas and liquid phases are similar, and the difference 

in the temperature of the phases is related to the differences in their heat capacities [69].  

Interestingly, As can be seen in Figure 6, given that the first two experimental runs (run 1.1 and 

run 1.2) are using the same solvent concentrations (2.5 m K+ + 2.5 m PZ), the temperature 

profiles are similar with a broad maximum region. The temperature profile of run 3.1 is slightly 

different given the different solvent composition (6.4 m K+ + 1.6 m PZ solution) having a 

narrower peak. However, in general, all three runs show a maximum near the top of the column. 

This is different to the maxima observed in DEA-promoted potassium carbonate solutions and 

other chemical solvents [70], which is maybe related to the high heat of absorption of CO2 in 

the PZ-promoted potassium carbonate solution, leading to a sudden increase in temperature 

near the gas inlet. 
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Figure 6: Temperature profile of the liquid stream against stage number.  

Liquid and gas flow rate profiles along the packed column are presented in Figure 7 and Figure 

8, respectively. Flowrates are generally highest near the top of the column and decrease with 

the number of stages. By flowing the gas to the top of the column and moving the liquid stream 

to the bottom of the column, the flow rates decrease. 
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Figure 7: Liquid flow rate profile along the packed column.  
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Figure 8: Gas flow rate profile along the packed column.  

Figure 9 shows the CO2 loading profile for the three selected runs. The loading here is defined 

by the moles of CO2 divided by the moles of K+ ion added to two times the number of moles 

of PZ (mol CO2/mol K++ 2 mol PZ). In all the curves, liquid loading is low in the first stage. 

By increasing the stages, the loading increases dramatically, which is related to the liquid 

solution's saturation. The loading at the bottom of the column does not show any considerable 

change. These are in agreement with the results of Tontiwachwuthikul et al. [65] and 

Afkhamipour and Mofarahi [35]. 
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Figure 9: Profile of CO2 loading along the packed column. 

Figure 10 presents the profile of mole fraction of H2O in the gas phase. At the bottom of the 

column (stage 10), some water evaporates from the liquid solution since the high-temperature 

of the gas stream increases the system temperature so that the water vapour pressure increases, 

leading to a higher water vapour content. Also, the heat released due to the absorption of CO2 

can increase water vapour content, with its contribution being very significant near the top of 

the column for runs 1.1 and 2.1, where most of the CO2 is absorbed into the liquid. Interestingly, 

for run 3.1, the water vapour content slightly decreases going from the bottom of the column to 

the top.  
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Figure 10: H2O mole fraction profile in the gas stream along the packed column. 

4. Conclusions 

A rate-based non-equilibrium model has been constructed for piperazine promoted potassium 

carbonate solution in MATLAB software. A pilot plant experimental data for the piperazine-

promoted potassium carbonate process have been used to construct and validate the model. The 

focus has been proposed to the CO2 removal amount in comparison with the experimental data 

from literature. The results show a good agreement between the predicted and experimental 

data. CO2 concentration profiles along the column show a reasonable trend, which has been 

validated against experimental data, where information about inlet and outlet compositions and 

temperatures are provided. The liquid temperature profile for three selected runs has been 

illustrated. The profile shows a maximum at intermediate stages near the top of the column, 

different to other typical amine solutions. Profiles of liquid and gas flow rates are also presented 

against the stage number. The flow rates decrease by moving the gas flow to the top of the 

column and moving the liquid stream to the bottom of the column. Besides, the CO2 loading 

profile for three columns has been proposed along the column. However, there was no 

experimental data for these profiles, yet the trend is in qualitative agreement with other studies 

on reactive chemical absorptions of CO2. The profile of H2O amount in the gas phase suggests 

the presence of water vapour throughout the column, meaning that in the bottom of the column, 

some amounts of water evaporate from the liquid solution. In addition, this study provides a 

framework to model a complex mixture for CO2 absorption. 
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Nomenclature  

𝑎𝑝 Total surface area of packing (m2/m3) 
𝑎𝑤 Wetted surface area of packing (m2/m3) 
𝐷𝐿  Diffusivity of CO2 in (m2/s)  

fo  particle friction factor (-) 

g Gravitational constant (m/s2) 

H Packing height (m) 

𝐻𝑒 Henry's constant of component (kPa.m3/kmol) 

𝐾Gi  Overall gas phase mass transfer coefficient of component 𝑖 (kmol/(m2.kPa.s)) 

𝑘𝐿  Mass transfer coefficient in liquid phase (m/s)  

Ldg  CO2 loading of solution (mol CO2
tot/mol K+ + 2mol PZ)  

m Molal (mol/kg H2O) 

𝑚i  molality of component 𝑖 (mol/kg H2O) 

𝑀𝑤𝑖  molecular weight of component i (gr/mol) 

𝑁𝑖 Absorption rate of component 𝑖 into potassium carbonate solution (-) 

𝑃i Partial pressure of component 𝑖 (kPa) 

𝑃𝑖
∗ Equilibrium partial pressure of component 𝑖 (kPa) 

Re Reynolds number (-) 

𝑇𝑔 Gas phase temperature (K) 

𝑇𝑙 Liquid phase temperature (K) 

v Velocity (m/s) 

𝑥𝑖  mole fraction of component 𝑖 (-) 
𝑛𝑖  number of moles of component 𝑖 (-) 

Greek Symbols 

𝜙𝐺   Vapour volumetric holdup (-) 

𝜙𝐿 liquid volumetric holdup (-) 

𝜙𝑜  Pre-loading liquid volumetric holdup (-) 

𝜌  Density (kg/m3) 

𝜇  Viscosity (m2/s) 

ΔP Pressure drop over the packed bed (kPa) 

ΔPvap  Pressure drop due to the static head of vapour in the packing (kPa) 

Abbreviations 

AMP 2-Amino-2-methyl-1-propanol 

BZA Benzylamine 

DEA Diethanolamine 

DIPA Diisopropanolamine 

MEA Monoethanolamine 

MDEA N-methyldiethanolamine 

PZ Piperazine 
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