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Abstract 

CO2 removal by the blended amine solution of piperazine (PZ) and methyldiethanolamine (MDEA) with 

the various molar concentration ratios in a rotating packed bed (RPB) was modelled using MATLAB linked 

to Aspen Plus. All the required correlations for the RPB in addition to the mass and energy balances were 

written in MATLAB while the demanded physical and transport properties were extracted from Aspen Plus. 

The similar operating conditions and compositions in the reported experiments were used to run the model 

by the two-film theory for mass transfer as steady state, while the impact of five different parameters on 

the CO2 absorption efficiency was examined to validate the model. The modeling results are in good 

agreement with the experimental data for which the average absolute deviation is less than 7.0%. The 

process analysis revealed that rotational speed and PZ concentration have the most significant effects on 

CO2 absorption efficiency. 
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1. Introduction

The CO2 emission has led to the global warming and the greenhouse effect in the recent century and has 

raised extreme concerns related to the environmental issues and international economics. Among the 

greenhouse gases, the contribution of CO2 to the increase of the atmospheric temperature accounts for more 

than 60% [1]. It has been reported that CO2 concentration in the atmosphere has increased by about 40% in 

comparison with that in the pre-industrial times, and exceeded 400 ppm which is higher than pre-industrial 

level of about 300 ppm due to fossil fuel combustion as the primary reason of CO2 emission [2]. One of 

those fossil fuels is coal which is widely used in a great number of power plants [3]. It should be noted that 

such power plants will be a main source for the generation of energy and power in the next few decades 

due to the increase in the world population and demands of economic growth. Therefore, it is vital to reduce 

CO2 emission by developing reliable, safe and viable technologies to tackle the huge challenge of global 

warming. 

A variety of technologies and processes have been developed to mitigate CO2 emissions, such as absorption, 

adsorption, membrane separation, terrestrial sequestration and chemical looping combustion [4]. The 

chemical absorption of CO2 using different amine solutions has been broadly studied by many researchers 

using the conventional columns such as packed towers, spray columns and bubble columns with CO2 

removal efficiencies reaching 55-95% [5]. It has been proved that the chemical CO2 absorption is one of 

the most mature processes around the world to remove this greenhouse gas; however, it must be mentioned 

that the size reduction of the vertical columns is difficult due to mass transfer limitations, and there are still 

major obstacles for improving the performance of the conventional columns. The main barriers of 

conventional columns include their big size, high consumption of solvent, high energy requirement for 

solvent regeneration in the stripper, and high solvent degradation and lost. 

Following valuable attempts, a new approach known as high gravity technology (or Higee) was proposed 

by Ramshaw and Mallinson [6] to enhance the mass transfer flux between gas and liquid in the special 

device called rotating packed bed (RPB). There are a wide range of studies on the removal of CO2 from 



4 

flue gases by various aqueous amine solutions in RPB. Lin et al. [7-9] have studied CO2 removal by a cross- 

flow RPB using alkanolamine and sodium hydroxide (NaOH) solutions. Yu et al. [10] have investigated 

CO2 capture by piperazine (PZ) and diethylene glycol (DEG) in RPB and reported overall mass transfer 

coefficients. Guo et al. [11] and Neumann et al. [12] have conducted experiments for CO2 absorption by 

NaOH solutions to estimate the mass transfer area. The number of the modellings to evaluate the behavior 

and pattern of CO2 removal by amine solutions in RPB is limited and only few studies have simulated the 

absorption of CO2 in an RPB using single amine solutions. Qian et al. [13] have modelled CO2 capture by 

methyldiethanolamine (MDEA) in RPB using Fortran. Kang et al. [14] and Borhani et al. [15] have 

developed the first principle models for CO2 removal by monoethanolamine (MEA) using gPROMS. Joel 

et al. [16] have assessed such simulation for CO2 absorption by MEA using the combination of Aspen Plus 

and Fortran and reported that the equipment size can be reduced by approximately 10 times when RPB is 

used instead of conventional columns. 

The aim of this study is to model the CO2 absorption in RPB using the blended solution of PZ and MDEA. 

In order to validate the proposed model, the experimental CO2 absorption data presented by Zhan et al. [17] 

using the blended amine solutions of PZ + MDEA in an RPB at Beijing University of Chemical Technology 

(BUCT) was utilized. The model was developed by integrating MATLAB and Aspen Plus softwares. All 

the required correlations for the RPB, main governing equations (mass and energy balances) and some other 

important formulas were written in MATLAB as one of the most flexible, available and practical code- 

writing platforms, while the required physical and transport properties were extracted from Aspen Plus with 

an extreme databank in such a way that the models of PC-SAFT and E-NRTL were applied under different 

operating conditions for the estimation of CO2 removal efficiency. 

2. Importance of CO2 Absorption by PZ + MDEA Solution

The application of blended amine solutions has recently attracted much attention owing to the 

complementary advantages of each of the amines in solution; in such a way that the primary or secondary 

amines have fast reactivity and absorption while the tertiary or sterically hindered alkanolamines (SHA) 
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have shown high absorption equilibrium capacity and low solvent stripping cost. In fact, all the equilibrium 

solubility, mass transfer and chemical kinetics features influence capability of a solvent to remove CO2 

[18]. The removal of CO2 from the process gases such as natural gas, coke-oven gas and various synthesis 

gases by PZ + MDEA solution, which was patented by BASF, is currently adopted in some industrial 

operations. PZ is a cyclic symmetric diamine and contains two amino groups, so each mole of PZ is 

theoretically able to remove two moles of CO2 and PZ may intensify rapid formation of carbamates. CO2 

first reacts with PZ to form zwitterions, which will be deprotonated to produce PZ-carbamate that is 

transferred into MDEA rapidly. PZ can be considered as a catalyst that accelerates the CO2 absorption by 

MDEA [17]. The other benefits of using PZ include higher resistance to oxidative and thermal degradation 

compared to the primary and secondary amines. MDEA also exhibits the advantages such as resistance to 

degradation, suitable for the application in concentrations up to 60wt%, less corrosive and thus provides 

less solvent loss [19]. In the reaction mechanism of CO2 with aqueous solutions of PZ + MDEA, the reaction 

of CO2 with PZ is retreated as the rapid pseudo-first-order reaction in parallel with that of CO2 with MDEA 

[20]. The primary amines are more corrosive than the secondary amines, which are more corrosive than 

tertiary amines according to the experimental researches. To some extent, MDEA is different from the other 

conventional amines because it does not create degradation products [21]. 

Both mass transfer and chemical reaction have a remarkable impact on the reactive absorption process and 

must be taken into account in the absorption model. It should be noted that one of the main methods to 

account for the overall reaction kinetics in the liquid phase layer is the application of enhancement factor. 

Because the liquid phase mass transfer resistance is crucial to CO2 removal process [15]. Generally, 

enhancement factor depends on several factors such as the type of reaction, order of chemical reaction, 

chemical kinetics, liquid composition, physical and transport properties of the components in the liquid, 

stoichiometry and mass transfer model. The slowest or kinetically controlled reaction is usually considered 

for the enhancement factor estimation. The equilibrium and kinetic reactions of PZ and MDEA with CO2 

in addition to all the parameters and coefficients necessary to simulate CO2 absorption by this blended 

amine solution in Aspen Plus have been extensively discussed by Esmaeili et al. [21, 22]. 
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3. Model Development of RPB

In a conventional column, liquid flows under the influence of gravitational acceleration which dictates 

liquid and gas throughput and mass transfer rates. RPBs work with a much higher acceleration (100-1000 

times of gravity) in exchange for the gravitational acceleration to increase mass transfer rate. Actually, 

downward liquid flow and upward gas flow due to gravity and density difference in conventional packed 

beds are replaced with liquid outward flow and gas inward flow in RPB. This feature allows the apparatus 

size significantly reduces compared to a conventional packed column for a certain type of separation. This 

size reduction which is cost-saving, space-saving and easy installation, results from higher volumetric mass 

transfer coefficients as well as intensified momentum and heat transfer rates because the formation of 

smaller droplets and thinner liquid films in RPB leads to higher specific surface area and enhanced mass 

transfer and micro-mixing efficiency compared to the conventional packed columns. In addition, the 

flooding limit in RPB increases, allowing operation in higher gas flow rate, more liquid hold-up and shorter 

residence time [23]. Due to the short residence time in RPB, this technique is suitable for the cases that 

require short contact time such as CO2 absorption by PZ on account of fast reactivity. A schematic of RPB 

is depicted in Figure 1. 

Figure 1. Schematic of a rotating packed bed 
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The high speed of rotation in RPB brings about small liquid droplets and finally rise in gas-liquid interfacial 

area and mass transfer rate. Separation in an RPB is carried out as radial counter-current flow, not vertical 

flow as what occurs in the conventional column operations. This feature means the separation extent is 

estimated by rotor radial width (𝑟𝑜 ― 𝑟𝑖) while its capacity is constrained by axial height (ℎ), in contrast to 

the conventional columns where diameter determines capacity and column height estimates separation 

extent. 

The process intensification (PI) is a concept that aims to increase heat and mass transfer characteristics, 

resulting in better interaction between two fluids. The advantage of rapid mixing properties can increase 

the heat and mass transfer rates. Thus, systems with limitations in mixing, reaction times, and heat and mass 

transfer can significantly benefit from PI [24]. In CO2 absorption process, the choice of kinetic model has 

a notable impact on the absorption efficiency; moreover, liquid phase mass transfer resistance is crucial and 

thus enhancement factor should be applied. There are different mass transfer theories to model RPB with 

their own model equations and approach, such as Higbie’s penetration theory and the two-film theory [15]. 

The two-film theory, which has been widely used in the modeling of CO2 absorption by amine solutions in 

RPB [14, 15, 16], has been employed in this study. 

3.1. Model Assumptions, Mass and Energy Balances 

The following assumptions have been considered to model CO2 absorption by the blended amine solution 

of PZ + MDEA in the RPB using the mass and energy balances encrypted in MATLAB. In this study, the 

rotor of the RPB has been divided in to ten identical elements since the radial width of the RPB is very 

short and a greater number of discretization does not make notable effect on solving the gradients; 

furthermore, the mass and energy balances were solved for each element simultaneously. In this method of 

modeling, one initial guess for the outlet CO2 concentration from the inner radius was considered as a 

preliminary value of CO2 in contact with the fresh amine solution in the first element because the outlet 

CO2 content is not known and should be determined by the solver using the required increments. Then, the 



model estimated the CO2 concentration in the outer radius and compared the achieved value with the inlet 

concentration of CO2 into the RPB from the outer radius. If there was a high deviation, the initial guess was 

varied and the calculation began once more in such a way that the number of increments was controlled by 

the solver to obtain the specific deviation and convergence. Therefore, the results are independent of the 

number of discretized elements. Figure 2 indicates the schematic of rotor at RPB in radial distance with the 

discretized elements. 
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Figure 2. Schematic of rated-based modeling of the RPB in radial direction 

The overall mass transfer coefficient and the difference between the partial pressures are used to calculate 

the mass transfer flux based on the two-film theory which is applied to the mass balances to calculate CO2 

concentration in the gas and liquid phases along radial direction. 

NA = KG.P(yCO2 ― y ∗ 
C)O 2 (1) 

The assumptions are as follows: 

1. An ideal gas phase.

2. No accumulation in gas and liquid films (steady state model).

8 
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3. Mass transfer fluxes of components between gas and liquid phases are allowed in both directions.

4. Because liquid and gas have little circumferential motion, both streams flow only in the radial

direction.

5. All the reactions take place in the liquid phase.

6. Gas–liquid contact mostly occurs between 𝑟𝑖 (inner radius of RPB) and 𝑟𝑜 (outer radius of RPB)

and the end effect has been considered.

7. The components in the gas phase are CO2, water and amine (PZ, MDEA) and an inert gas (assumed

to be N2) and the components in liquid phase are CO2, water and amine as well as the ionic species

(hydroxyl, hydroxide, carbonate, bicarbonate, amine carbamate and protonated amine).

8. For simplicity, it is supposed that the flux of ionic species is zero and only mass transfer flux of

CO2 and amine is considered and can be estimated using the mass transfer correlations. The

resistance to mass transfer for water and the amine solution of PZ + MDEA in the liquid phase is

also assumed to be negligible.

In order to model the RPB in this study, all the required mass and energy balances in addition to the specific 

correlations of an intensified absorber were written in MATLAB and the physical and transport properties 

involved in each equation such as density, viscosity, surface tension, etc. were extracted from Aspen Plus 

which was linked to MATLAB to reduce the probable discrepancies compared with using a RadFrac 

extension in Aspen Plus and replacing the correlations of conventional columns with that of RPB. This 

method makes more flexibility to use various correlations recommended in the literature for the estimation 

of local-phase mass transfer coefficients in RPB while only physical and transport properties were 

summoned from Aspen Plus where does not exist any model for RPB simulation. The mass and energy 

balances for both liquid and gas phases with the relevant boundary conditions based on molar flows in RPB 

are as follows. The equations of 3, 5, 7 and 10 are the solution of each of mass and energy balances in the 

gas and liquid phases. 

A. Mass Balance for Gas Phase

∂(yi.FG) 1 
 

= ε.a. N (2) 
∂r 

B.C.:

2πrh 

yi = yo 

i 

at r = ro ; 
∂(yi.FG) 

∂r 
at r = ri 

ε.a. Ni.π.h.(r2 ― r2) 

yro = yri ― FG
 (3) 

= 0 
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( ) 

B. Mass Balance for Liquid Phase

∂(xi.FL) 1 
 

= ε.a. N (4) 
∂r 

B.C.:

2πrh 

x = x 

i 

at r = r ; ∂(xi.FL) 
= 0

 at r = r
i o i ∂r o 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

cPG.ρG 1/3 λG 2/3 h =  k .RT ( ) (12) 
GL G G MWavg DG,avg 

x = x + 
ε.a. Ni.π.h.(r2 ― r2) o i 

ro ri FL 

C. Energy Balance for Gas Phase 

∂(F𝐺.cpG.TG) 1 

∂r 2πrh = ε.a. q G

∂(F𝐺CpGTG) 

B.C.:  T𝐺 = TG,0  at r = ro ; ∂r = 0 at r = ri 

T = T ― 
ε.a. qG.π.h.(r2 ― r2) 

Go Gi 
i o 

F𝐺.cpG 

q𝐺 = hGL(T𝐿 ― T𝐺) 

D. Energy Balance for Liquid Phase: 

∂(FL.cpL.TL) 1 

∂r 2πrh = ε.a. q L 

∂(FLCpLTL) 

B.C.:  TL = TL,0  at    r = ri ; ∂r = 0 at r = ro 

T = T + 
ε.a. qL.π.h.(r2 ― r2) 

Lo Li 
o i 

FL.cpL 

q𝐿 = hGL(TL ― TG) ―ΔHabsNCO2 ―ΔHvapNH2O (11) 
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3.2. The Required Correlations for the Modeling of RPB 

The required correlations used to model the RPB were prepared in one organized order to explain the 

modeling step by step. The relationship between the overall mass transfer coefficient and the individual- 

phase (liquid and gas) mass transfer coefficients for each element can be given as follows [1]. 

1  
= 

R.TG       H 1 

KG.a kG .a + I . kL .a (13) 

It must be mentioned that the mass transfer at the interface of a two-phase system can be described by the 

two-film theory. The term of overall volumetric mass transfer coefficient (𝐾𝐺.𝑎) as a function of the 

absorbent concentration, CO2 concentration, rotational speed, gas flow rate and liquid flow rate, is normally 

used to express experimental mass transfer coefficients of packing, whereas the effective interfacial area 

for mass transfer is less than the actual surface area of the packing [1]. Because the effective interfacial 

surface area (𝑎) between the liquid and vapor phases is usually unknown, it is difficult to distinguish mass 

transfer coefficients from volumetric mass transfer coefficients (𝑘𝐺 .𝑎 and 𝑘𝐿 .𝑎) [25]. 

In addition to mass transfer coefficients of gas and liquid sides, the factor of 𝐼 which is called enhancement 

factor is defined as liquid mass transfer coefficient ratio with and without chemical reaction for CO2 

chemical absorption using sodium hydroxide and amine solutions [1]. In general, 𝐼 is a strong function of 

amine concentration and effective interfacial area of packing as well as of the reaction mechanism in the 

liquid film and is used in the equation of overall volumetric mass transfer coefficient to represent the 

contribution of the chemical reactions of CO2 with the solution of PZ + MDEA in mass transfer flux [26]. 

The above-mentioned correlation is used as a key correlation for the modeling of RPB to estimate the mass 

transfer of gas and liquid phases along radial direction in each discretized element. The differential mass 

balance for the liquid phase is integrated outward from the inner radius to the outer radius until the desired 

level of separation is obtained [27]. Two essential factors that characterize the mass transfer behavior and 

are used in the design of Higee units include effective interfacial area for mass transfer and the local-phase 
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volumetric mass transfer coefficients. In the following, the most important correlations to calculate the 

parameters contributed to overall volumetric mass transfer coefficient in RPB are discussed. 

A. Gas-Phase Mass Transfer Coefficient

There are two applicable correlations which are commonly used to estimate the gas-phase mass transfer 

coefficient (𝑘𝐺) in RPB. The first one was developed by Onda et al. [28] for gas absorption, desorption and 

vaporization in packed columns assuming that the wetted surface on random packing pieces such as Raschig 

and Berl saddles is identical with the gas-liquid interface. 

Chen et al. [29] also presented an empirical equation for the calculation of gas-phase volumetric mass 

transfer coefficient (𝑘𝐺 𝑎) in an RPB using the two-film theory with considering the end effect. It has been 

shown that the local gas-side mass transfer coefficient is related to the flow rates of gas and liquid phases, 

the centrifugal acceleration and the liquid viscosity [29]. The CO2 diffusivity in gas phase is estimated by 

the proposed correlation of Fuller et al. [30]: 

kG. a Vo 1.13 0.14 0.31 0.07 at 
1.4 

DG. a2(1 ― 0.9Vt
) = 0.023 ReG . ReL . GrG . WeL . (

a′ 
) (14) 

t 

D = 
1 ― yA 

p 

(15) 
G,A ∑n ( 

yB 
) 

B = 1 DG,AB

1.43 × 10 ―5T1.75( 
1 

+ 
1

 0.5 

DG,AB(m2/s) = 
G MWi MW ) 

1/3 1/3 2 (16) 

P × [(∑ vi) + (∑ vi) ] 

In this equation, 𝑎′𝑝 is the surface area per unit volume of 2.0-mm diameter bead (3000 m2/m3). It should be 

noted that there is a phenomenon in RPBs namely end effect. The end effect is a significant phenomenon 

in an RPB, resulting in the maximum mass transfer efficiency near the inner edge of the rotor. The end 

effect at the inner radius of RPB is caused by different factors such as the existence of the most violent 

collisions with the highest relative velocity between liquid jets and the packing, the strongest gas-liquid 

interaction with the maximum gas flux through the smallest cross-sectional area of the rotor, and fastest 

replenishment of fresh liquid from the liquid distributor [31]. 
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s 

[ ] 

CO2 ― H2O s T 

B. Liquid-Phase Mass Transfer Coefficient

Chen et al. [32] proposed a correlation to determine the liquid-side mass transfer coefficient in rotating 

packed beds. Since the end effects phenomenon significantly affect 𝑘𝐿𝑎, this factor should be considered in 

the correlation. Chen et al. [32] also presented that the end effects in an RPB rely on the volume inside the 

inner radius of the RPB (𝑉𝑖), the volume between the outer radius of the RPB and the stationary housing ( 

𝑉𝑜) and the total volume of the RPB (𝑉𝑡): 

DL 
(1 ― 0.93Vt 

― 1.13Vt
) = 0.35 ScL  . ReL   .  GrL  . WeL  .  (a). (a′ ) (σw

)
(17) 

kL. dp Vo Vi 0.5 0.17 0.3 
0.3 

at
at 

―0.5 σc
 

p 

0.14 

Vi = π. r2. h

Vo = π. (r2 ― r2). h

(18) 

(19) 
s o 

Vt = π. r2. h (20) 

𝐷𝐿 is CO2 diffusivity in amine solution of PZ + MDEA, 𝑟𝑠 and ℎ represent radius of stationary housing and 

axial height of RPB respectively. This correlation covers various types of packing including ceramic beads, 

glass beads, acrylic beads, stainless steel beads, Raschig rings, Intalox saddles, wire meshes and 

hydrophobically treated beads. The above-mentioned equation is valid for various sizes of the RPBs and 

for viscous Newtonian and non-Newtonian liquid systems. The parameters of 𝑎′𝑝 and 𝜎𝑤 are the specific 

surface area of the 2.0-mm bead and the surface tension of water at 25℃, whose values are 3000 m2/m3 and 

0.072 kg/s2 respectively. 

Versteeg et al. [33] presented the following analogy to estimate CO2 diffusivity in amine solutions where 

N2O diffusivity in amine solutions is applied based on a modified Stokes-Einstein relation: 

D (m2

) = 2.35  ×  10 ―6.exp ( ― 
2119

) (21) 

μH2O 
0.8 

DCO2 ― AM = DCO2 ― H2O × μAM
 

(22)
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C. Effective Interfacial Surface Area

The packing structure, as the core medium, is closely related to the CO2 absorption performance of high 

gravity-based RPBs because it directly influences hydrodynamics and mass transfer. The packing 

characteristics such as material, shape, geometry, voidage, stacking arrangement and bulk density have 

impact on the gas-liquid flow pattern and pressure drop. Packing with a high specific surface area (𝑎𝑡) and 

wettability assists to maintain suitable values of liquid holdup and flooding points, resulting in enhancement 

of gas-liquid mass transfer [5]. Wire mesh or metal foam packing is appropriate for distillation and 

absorption on account of high porosity (𝜀) and low frictional pressure drop. It is recommended that the 

packing provides a big surface area for mass transfer and an open structure (for low pressure drop), as well 

as being durable and mechanically strong enough to endure continuous rotation at high speeds with thrown- 

out liquid process. Metal foams appear to meet these requirements [27]. 

Based on the proposed correlation by Onda et al. [28], effective interfacial surface area was derived from 

the data of conventional packed bed in such a way that the application of this model is thus an extrapolation, 

the ratio 𝑎/𝑎𝑡 is in the range of 0.3-0.98. However, the achieved results from this correlation showed a 

better agreement with the real data than other equations with replacing the gravitational acceleration with 

the centrifugal acceleration in Froude number; furthermore, it has been used in other studies for the 

modeling of CO2 absorption in RPB successfully [14,15,16]: 

a 
= 1 ― exp [ ― 1.45 (σc)

0.75

. Re0.1. We0.2. Fr ―0.05]
 

(23) 

at σL L L L 

D. Enhancement Factor

Hatta number (Ha) is a key parameter to compare the rate of reaction in a liquid film to the rate of diffusion 

through the film. The fast reactions (Ha > 3) are taken into account to proceed predominantly near the gas- 

liquid interface, while the slow reactions (Ha < 3) are assumed to occur mainly in the liquid bulk [34]. For 

the reactions of CO2 with PZ and MDEA, Danckwerts’ correlation of enhancement factor can be used [35]. 
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T(K) 

T(K) 

T(K) 

T(K) 

Ha = 
(DG. kov)1/2 

kL (24) 

kov = k2,PZ[PZ] + k2,MDEA[MDEA] + kOH ― [OH ― ] (25) 

ECO2 = (26) 

In order to calculate the second-order reaction rate constant (k2) of PZ and MDEA, different correlations 

with the various amine concentrations have been presented in the literature. The following equations are 

used in this study to estimate the accurate values of the first-order reaction rate for different ranges of 

concentration and achieve the model results compatible with the experimental data. Xu et al. [36] has 

proposed the second-order reaction rate constant of PZ which is valid for the concentration range of 0-0.2 

kmol/m3 and the temperature range of 303-343K. 

k2,PZ

m3 

kmol.s ) = 2.98  ×  1011. exp [ ―6424] (27) 

Zhang et al. [35] reported the following second-order reaction rate constant of CO2 with PZ in the 

concentration and temperature limits of 0.2-0.6 mole/lit and 303-343 K respectively: 

k2,PZ

m3 

kmol.s ) = 4.0 × 1010. exp ( 
―4059.4

) (28) 

Tertiary amines such as MDEA do not react with CO2 directly, but act as a base that catalyzes the hydration 

of CO2 (according to the base-catalyzed hydration mechanism). Haimour et al. [37] presented an equation 

for the second-order reaction rate constant of MDEA in the concentration domain of 0.85-1.70 kmol/m3 

and the temperature range of 288-308 K. 

k2,MDEA

m3 

kmol.s ) = 8.741 × 1012 . exp ( 
―8625

) (29) 

Sema et al. [38] exhibited the following equation for the second-order reaction rate constant of MDEA in 

the higher concentrations: 

k2,MDEA

m3 

kmol.s ) = 2.661 × 1011 . exp ( 
―6573

) (30) 

1 + Ha2
 

( 

( 

( 

( 
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K 

+ E
 CO2 

+ F
 

T 

= ― 
CO2 

= C 
CO2 

―D ― 2E 
CO2 

―2F 
CO2 

―G.α

D α 

P 

The second-order reaction rate constant and concentration of hydroxyl ion are calculated by the following 

equations [20, 39]: 

2895 
log10 (kOH ― ) = 13.635 ― T(K) 

[OH ― ] =  
Kw (1 ― α) , α  ≥ 10 ―3

 

(31) 

(32) 
Kp,am a 

[OH ― ] = 
Kw

[Am] , α < 10 ―3
 

p,am 
(33) 

The required physical properties in the gas phase as well as Henry’s constant and the liquid phase properties 

e.g. density, viscosity and heat capacity of blended amine solution of PZ + MDEA were extracted from

Aspen Plus; however, the reported correlations of Paul et al. [40], Kummamuru et al. [41] and Agbonghae 

et al. [42] can also be used for the estimation of the above-mentioned properties in liquid phase respectively. 

E. Equilibrium Partial Pressure and Heat of Absorption

For the accurate calculation of liquid-side heat transfer rate (Eq. 11), two essential parameters namely 

equilibrium partial pressure of CO2 and heat of CO2 absorption should be correlated based on the reported 

experimental data in the literature. To estimate the equilibrium partial pressure of CO2 ( P ∗ ), the following
CO2 

equation which is the function of temperature and CO2 loading is used in different concentrations of amine 

solution [43]: 

∗ 
CO2 = exp[A + BαCO2

2 

+ CTln (αCO2) + T T2 

αCO2 

T2 

αCO2 

+ G T (34) 

Sakwattanapong et al. demonstrated the importance of absorption/desorption and declared that the 

application of constant values for heat of absorption/desorption will cause imprecise results. Therefore, the 

regression model for the partial pressure of CO2 and Gibbs-Helmholtz equation can also be used to calculate 

the heat of absorption/desorption [43]: 

∆Habs [∂ln P ∗  

] 

 

ln (α ) 
 

α2 α 
 

  

R 
∂(1) T2 T T CO2 

P 

(35) 

] 
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) 0.5

 0.5= 20.198 + 
2.229α ―

According to the correlation (34) and the carried out regression, the following equation has been obtained 

to calculate the equilibrium partial pressure of CO2 and then heat of absorption using MATLAB in a wide 

range of temperature (303-343 K), PZ concentration (0.041-0.21 kmol/m3) and MDEA concentration (1.75- 

4.28 kmol/m3) based on the experimental data of Xu et al. [36]. 

Ln(P ∗ 6136.711 α2 α ―68591.699    +95933.471    ― 0.355C ―0.222C (36)
CO2 T T2 T2 PZ MDEA 

F. Liquid Hold-Up

Burns et al. [44] investigated the effect of some parameters on liquid holdup in RPB. The following 

correlation which depends on centrifugal acceleration, liquid flow rate and liquid viscosity was presented. 

ε   = 0.039 (
ac)

―0.5

( U )
0.6

( υ )
0.22 (37) 

L g0 U0 υ0 

4. Experimental Work Review

Zhan et al. [17] have conducted the experiments to study CO2 absorption by the blended amine solutions of 

PZ + MDEA in an RPB with the following conditions: the solution of PZ + MDEA was introduced into the 

RPB by a pump through the liquid inlet and sprayed onto the inner edge of the packing and then flowed in 

the packing by centrifugal force. In the meantime, the gas stream containing CO2 and H2S flowed into the 

RPB through the gas inlet and passed along the packing where contacted with the amine solution 

countercurrently under atmospheric pressure. In this process, CO2 and H2S were absorbed from the gas 

stream into the solution through the mass transfer and certain reactions. Finally, the liquid and gas streams 

exited the RPB from the liquid and gas outlets respectively. All the data were collected after reaching a 

steady state conditions. Table 1 outlines the RPB configuration in addition to the gas and liquid operating 

conditions. The experimental setup of the CO2 absorption by the blended amine solution is shown in Figure 

3.
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Gas Outlet 

Gas Inlet 

Analyzer 

CO2 Analyzer 

Flow 
Meter 

Absorbent Tank Liquid Outlet 
CO2 N2 

Table 1. The configuration of RPB and operating conditions of the fluids 

Figure 3. Schematic of experimental setup for CO2 absorption by the blended solution of PZ + MDEA 

Parameter Value 

Surface area per unit volume of the packing (m2/m3) 1533 

Inner radius of the RPB, 𝑟𝑖 (cm) 2.5 

Outer radius of the RPB, 𝑟𝑜 (cm) 7.5 

Radius of the stationary housing, 𝑟𝑠 (cm) 11.5 

Axial height of the packing, ℎ (cm) 5.3 

Packing volume, 𝑉𝑃 (cm3) 833 

Voidage of packing 0.904 

Inlet CO2 concentration, 𝑦𝑖𝑛,𝐶𝑂2 (%, v/v) 30 

Inlet H2S concentration, 𝑦𝑖𝑛,𝐻2𝑆 (%, v/v) 1 

Inlet N2 concentration, 𝑦𝑖𝑛,𝑁2 (%, v/v) 69 

Temperature, 𝑇(𝐾) 302.95-318.15 

High-gravity factor, 𝛽 40.0-160.0 

MDEA concentration, 𝐶𝑀𝐷𝐸𝐴 (mole/lit) 0.84-2.94 

PZ concentration, 𝐶𝑃𝑍 (mole/lit) 0.12-0.58 

Gas volumetric flow rate, 𝑄𝐺 (m3/hr) 2.0 

Liquid volumetric flow rate, 𝑄𝐿 (lit/hr) 12.6-47.6 
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1 ― yCO2,out yCO2,in YCO2,in

2 

The high-gravity factor is related to the rotational speed and is generally used to characterize the level of 

the high-gravity field within an RPB. It is defined as the relationship between the centrifugal acceleration ( 

𝑎𝑐 = 𝑟.𝜔2) and the gravitational acceleration at any point in the high-gravity field. The high-gravity factor

of RBP can be described using this formula [5]: 

r2 + r2
 2πN 2 

β = r.ω2/g = o i 
.( 60 ) / 9.8 (38) 

where r (m) is the mean radius of RPB, N (r/min) is the rotational speed, and g (m/s2) is the gravitational 

acceleration. Therefore, rotational speed has been considered in the range of 800-1600 rpm in the 

experimental works according to the data reported in Table 1. 

At low high-gravity factor values, as the rotational speed increases, the CO2 removal efficiencies enhance 

dramatically. However, in most cases the high-gravity factors have critical values. The factors that exceed 

the critical value result in stable or reduced CO2 removal efficiencies. Before reaching the critical value, as 

the high-gravity factor increases, the liquid phase in RPB achieves higher speeds and leads to enhancement 

of the cutting and breaking effect. This effect causes thinner liquid films, finer liquid threads, and smaller 

liquid droplets, producing large gas-liquid contact areas and fast interface renewal. This highly brings on 

an increase in mass transfer and carbonation reactions between the gas and liquid phases, particularly for 

the fast reactions [5]. Based on the reported data of Zhan et al. [17], the most efficient high-gravity factor 

was β = 122.5; thus, the model was conducted by the maximum rotational speed of 1400 rpm. 

The absorption efficiency (𝜂𝑎𝑏𝑠.) is the most important parameter for the evaluation of CO2 removal by RPB 

and is defined as the percentage of carbon dioxide which is removed from inlet gas stream by the absorption 

process. The absorbent concentration, CO2 concentration, rotational speed, gas-liquid flow rates, and 

reaction temperature are usually regarded as the key operating factors in high gravity-based absorption 

performance [5, 45]: 

ηabs.  = [1 ― (    yCO2,out      )(1 ― yCO2,in)] × 100 = 1 ―  
YCO2,out 

(39)
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Sheng et al. [4] and Liu et al. [46] exhibited the relationship between the overall volumetric mass transfer 

coefficient and the inlet and outlet concentrations of CO2 in RPB, and the estimation of KG using the 

measured inlet CO2 concentration and the calculated outlet CO2 concentration by the model in different 

operating conditions can be performed by the following equation. 

G m3.Pa.s πPh(r2 ― r2) yCO2,out(1 ― yCO2,in) 1 ― yCO2,in 
1 ― yCO2,out 

] 
o i 

5. Model Validation and Results

As the main purpose of this study is the investigation of CO2 removal by the blended amine solution in 

RPB, only modeling of CO2 absorption into the solution of PZ + MDEA has been carried out by using 

MATLAB in conjunction with Aspen Plus where the relevant reactions and other required kinetics and 

thermodynamic parameters for CO2 absorption were added for the estimation of desired physical and 

transport properties; therefore, the effect of H2S concentration (1% v/v) was ignored and the nitrogen 

concentration was assumed to be 70% v/v by a reasonable approximation while the CO2 concentration 

remained unchanged (30% v/v) based on the experimental conditions of Zhan et al. [17]. As earlier 

mentioned, the model was conducted in MATLAB by dividing the rotor of the RPB to ten differential 

sections with the same radial length of 0.5 cm in addition to simultaneous solving the mass and energy 

balances using the estimated overall volumetric mass transfer coefficient for each section (Eq. 13). In order 

to estimate the local-phase mass transfer coefficients and the effective interfacial surface area, the 

dimensionless numbers such as Reynolds, Schmidt, Weber, Grashof and Froude, which all are dependent 

of different physical properties should be calculated. Moreover, the temperature profile is slightly changing 

in the RPB due to the exothermic nature of absorption which affects the properties like density, viscosity 

and surface tension during the process of solving the mass and energy balances. To cope with this matter, 

the written code in MATLAB is connected to the model in Aspen Plus in the whole process to transport the 

variations into Aspen Plus and then receive new data which are used in the calculations of MATLAB. The 

linked model of Aspen Plus was prepared based on the reactions of PZ and MDEA with CO2 accompanied 
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with the equation of states of PC-SAFT and E-NRTL to predict the physical and transport properties for 

the gas and liquid phases respectively (as discussed by Esmaeili et al. [22]) in the specific operating 

conditions. Figure 4 outlines the applied steps for the modeling and simulation of CO2 absorption in an 

RPB. 

Figure 4. The applied steps of RPB modeling 

The following results have been achieved by using the correlations in section 3.2 coupled with the other 

necessary parameters at the gas temperature of 313.15, 323.15 and 333.15 K with the gas and liquid flow 

Run MATLAB 

Writing the codes for linking MATLAB to 

Aspen Plus 

Writing the required correlations of RPB in 

MATLAB 

Creating gas and liquid streams in Aspen Plus 

to estimate physical and transport properties 

required in MATLAB 

Writing mass & energy balances and solving 

the equations for each element of RPB 

Validation of model with the experimental 

data 

Results Analysis 
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rates of 2.0 m3/hr and 47.6 lit/hr respectively to examine the impact of various parameters on CO2 absorption 

efficiency and determine the optimum operating conditions. 

5.1. Effect of Rotational Speed on Absorption Efficiency 

Increasing rotational speed in RPB widely causes a rise in shearing and centrifugal forces imposed on the 

liquid by the packing resulting in the enhancement of liquid-side mass transfer coefficient and eventually 

overall mass transfer coefficient (KG) by producing smaller droplets, threads or thinner films, as illustrated 

in Figure 5. 

5.5  10 -04

5.0  10 -04

4.5  10 -04 TG = 313.15 K 

TG = 323.15 K 

TG = 333.15 K 

4.0  10 -04

600 800 1000 1200 1400 1600 

Rotational  Speed (rpm) 

Figure 5. Variation of KG vs. rotational speed (TL= 313.15 K, CPZ=0.35 mole/lit, CMDEA=2.52 mole/lit) 

The enhancement of rotational speed leads to increase in effective interfacial surface area and consequently 

rich-CO2 loading, while CO2 removal efficiency is increased and HTU (height of transfer unit) reduced. 

Lin et al. [47] declared that an increase in the rotational speed intensifies the mass transfer flux of CO2 from 

the gas phase to the liquid phase and reduces the residence time of amine solution within RPB. When 

rotation is too high, CO2 may not be entirely absorbed by the solvent in a short contact time before exiting 

the RPB, which weakens the CO2 removal process further the critical speed. Therefore, amine solutions 

with higher reaction rates with CO2 such as PZ or MEA are expected to be more suitable to use. Figure 6 

depicts the variation of CO2 absorption efficiency versus rotational speed in the range of 800-1400 rpm 

with the increments of 200 rpm, with the PZ and MDEA concentrations of 0.35 and 2.52 mole/lit 
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respectively, and the gas and liquid temperature of 313.15 K. An increase in the rotational speed from 800 

to 1400 rpm has brought about increase in the CO2 absorption efficiency from 79.0% to about 92.1% with 

the maximum AAD% (average absolute deviation) of 2.31 compared to the experimental data. As can be 

seen, the rise in gas phase temperature from 313.15 K to 333.15 K has not made significant effect on the 

amount of CO2 removal as the main mass transfer resistance belongs to the liquid film. 

100 

95 

90 

85 
TG = 313.15 K 

TG = 323.15 K 

80 TG = 333.15 K 

Exp. data 

75 

600 800 1000 1200 1400 1600 

Rotational Speed (rpm) 

Figure 6. CO2 absorption efficiency vs. rotational speed (TL= 313.15 K, CPZ=0.35 mole/lit, CMDEA=2.52 mole/lit) 

Generally, increasing lean solvent concentration brings on rise in the reaction rate between the amine 

solution and CO2. On the other side, it results in an increase in the viscosity of the amine solution and 

Henry’s constant, while CO2 and amine molecules diffusivities in liquid phase decrease, and the overall 

mass transfer coefficient is thus reduced [48]. Figures 6 and 7 indicate the effect of rotational speed on CO2 

absorption efficiency at MDEA concentrations of 2.52 mole/lit and 1.68 mole/lit respectively. It can be 

seen from Figure 7 that the absorption efficiency has increased from 85.5 to 95.3% with enhancing 

rotational speed from 800 to 1400 rpm at the same temperature of 313.15 K for the gas and liquid phases 

with the highest AAD% of 1.19 in comparison with the experimental data. The decrease in the MDEA 

concentration from 2.52 mole/lit to 1.68 mole/lit has led to a slight increase in the absorption efficiency at 

the same rotational speed on account of the lower viscosity of the amine solution and higher ratio of 

PZ:MDEA (0.35:1.68). The highest absorption efficiency has occurred at the rotational speed of 1400 rpm, 
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Figure 8. CO2 absorption efficiency vs. rotational speed (TL= 313.15 K, CPZ=0.12 mole/lit, CMDEA=1.68 mole/lit) 
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Figure 7. CO  absorption efficiency vs. rotational speed (T = 313.15 K, C =0.35 mole/lit, C =1.68 mole/lit) 

which is 3.5% higher than that with the concentration ratio of 0.35:2.52 for PZ:MDEA. Therefore, 

increasing the total concentration of amine solution does not result in a higher absorption efficiency 

necessarily and the optimum concentration ratio should be found for the blended amine solutions. 

It can be seen from Figure 8 that the reduction of PZ concentration from 0.35 mole/lit to 0.12 mole/lit has 

caused a dramatic drop in the absorption efficiency due to the decrease of PZ (as a promoter) to MDEA 

ratio and the reaction rate with CO2 compared with Figure 7. The efficiency has altered between 48.2-60.1% 
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with the variation of rotational speed at the same temperature of 313.15 K, and the maximum AAD% was 

5.55. The modeling results clearly show that the influence of PZ on CO2 absorption is much greater than 

MDEA because k2,PZ is at least two orders of magnitude higher than k2,MDEA . Figures 9 and 10 demonstrate 

the profile of CO2 concentration in the gas phase from the outer radius to the inner radius of the RPB at 

various rotational speeds in contact with the amine solutions of 0.35 mole/lit PZ and 2.52 mole/lit MDEA 

as well as 0.12 mole/lit PZ and 1.68 mole/lit MDEA in such a way that the highest absorption efficiency of 

92.1 and 60.1% and the lowest outlet CO2 mole concentration of 3.2 and 14.0% respectively were achieved 

at 1400 rpm and the same temperature of 313.15 K for both gas and liquid phases. 

Figure 9. CO2 concentration vs. rotor length in various rotational speeds (CPZ=0.35 mole/lit, CMDEA=2.52 mole/lit) 

Figure 10. CO2 concentration vs. rotor length in various rotational speeds (CPZ=0.12 mole/lit, CMDEA=1.68 mole/lit) 
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5.2. Effect of PZ and MDEA concentrations on Absorption Efficiency 

According to the carbonation reaction kinetics and the classic two-film theory, the presence of CO2 

absorbents (regardless of their strong alkaline or alcoholamine characteristics) in high concentration can 

improve mass transfer and forward reaction kinetics in the liquid side, thus leading to an increase in CO2 

removal efficiencies. Generally, rise in the promoter (PZ) concentration brings on increase in the reaction 

rate between the amine solution and CO2, the overall mass transfer coefficient (KG) and CO2 absorption 

efficiency (ηabs.) as shown in Figures 11 and 12. Therefore, KG has increased as much as 2.84 times and 

ηabs. has enhanced from 58.1% to 93.0% from the PZ concentration of 0.12 mole/lit to 0.58 mole/lit. The 

modeling results revealed a good agreement with the experimental data in a way that CO2 absorption 

efficiency significantly increased with the variation of PZ concentration from 0.12 to 0.35 mole/lit while a 

further increase in PZ concentration changed the main control step to mass transfer of CO2 instead of the 

reaction between CO2 and the solution [16] which has led to a slight variation in ηabs. with the highest of 

value of 93.0% at the similar temperature of 313.15 K for both streams and the maximum AAD% of 6.64 

compared with the experimental data. The MDEA concentration is usually kept about 3-4 mole/dm3 and a 

maximum PZ concentration of about 1.0 mole/dm3 is normally applied [22]. 
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Figure 11. Variation of KG vs. PZ concentration (TL= 313.15 K, N=1400 rpm, CMDEA=2.52 mole/lit) 
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Figure 12. CO2 absorption efficiency vs. PZ concentration (TL= 313.15 K, N=1400 rpm, CMDEA=2.52 mole/lit) 

Figure 13 shows that increase in MDEA concentration has caused the initial enhancement in mass transfer, 

KG and consequently ηabs. up to a specific concentration because higher ratio of amine solvent per unit mass 

of gas and equilibrium capacity are provided, but further rise in the MDEA concentration resulted in 

increase in the viscosity of the amine solution and Henry’s constant, decrease in CO2 diffusivity in liquid, 

and KG was thus reduced according to the correlation [48]. 

Furthermore, since the reaction rate of CO2 with MDEA is slow and retention time in RPB is very short, 

increase in the MDEA concentration from 0.84 to 2.94 mole/lit has brought about a drop in CO2 loading by 

66.2% and also decrease in ηabs. at the optimum MDEA concentration, as exhibited in Figures 14 and 15. 

The modeling results show that increasing MDEA concentration has positive effect on ηabs. up to 1.68 

mole/lit with the highest ηabs. value of 93.3% at the gas and liquid temperature of 313.15 K and the 

maximum AAD% of 5.08 in comparison with the experimental data where the highest ηabs. of 96.5% has 

been obtained. It has been reported that high-viscosity solution as a result of rising MDEA:PZ ratio 

unavoidably decrease the diffusion of absorbent molecules in the liquid phase and has a negative impact on 

CO2 absorption efficiency [17]. 
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Figure 14. Variation of CO2 loading vs. MDEA concentration (TL= 313.15 K, N=1400 rpm, CPZ=0.35 mole/lit) 
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Figure 13. Variation of KG vs. MDEA concentration (TL= 313.15 K, N=1400 rpm, CPZ=0.35 mole/lit) 
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Figure 15. CO2 absorption efficiency vs. MDEA concentration (TL= 313.15 K, N=1400 rpm, CPZ=0.35 mole/lit) 

5.3. Effect of Liquid Flow Rate on Absorption Efficiency 

The effect of liquid flow rate on ηabs. was investigated at the limit of 30-47.6 lit/hr, with the rotational speed 

of 1400 rpm, MDEA concentration of 2.52 mole/lit, and temperature of 313.15 K while the PZ 

concentration was varied in the range of 0.12-0.58 mole/lit. As one of the most critical parameters for 

calculating absorption rate in a packed column, liquid flow rate plays an important role in CO2 absorption 

[22]. Increasing liquid velocity (flow rate) has affected the values of Weber and Reynolds numbers 

significantly and led to an increase in gas-liquid contact area as the effective interfacial surface area in RPB 

and consequently a rise in liquid-side and overall mass transfer coefficients in such a way that the flow rates 

of 39 and 47.6 lit/hr have caused the higher effect on KG than the flow rate of 30 lit/hr as shown in Figure 

16. Moreover, a higher liquid flow rate provided more absorption solution per unit mass of gas to absorb

higher amount of CO2, and resulted in higher mass transfer and reaction rate between CO2 and the amine 

solution and the enhancement of ηabs. at the same temperature of 313.15 K for both gas and liquid phases 

as illustrated in Figure 17. With the increase in the liquid flow rate at a constant gas flow rate, the irrigation 
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Figure 16. Variation of KG vs. PZ concentration and liquid flow rate (TL= 313.15 K, N=1400 rpm, CMDEA=2.52 

mole/lit) 
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rate of packing surface is increased, and the equilibrium partial pressure of CO2 in the liquid phase is 

reduced. In other words, the driving force for CO2 absorption was strongly intensified [49]. 

Figure 17. Variation of ηabs. vs. PZ concentration and liquid flow rate (TL= 313.15 K, N=1400 rpm, CMDEA=2.52 

mole/lit) 
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However, high liquid flow rate may cause a decrease in liquid residence time and even flooding may happen 

in RPB. The simulation results revealed that the rise in liquid flow rate has greater impact on ηabs. in the 

lowest PZ concentration (0.12 mole/lit) alongside the increase from the liquid flow rate of 30 lit/hr to 39 

lit/hr for all the studied PZ concentrations while there is no much difference in the amount of ηabs. where 

the concentrations of 0.46 and 0.58 mole/lit with the flow rates of 39 and 47.6 lit/hr were used. The 

maximum AAD% of 6.64 has been achieved at the PZ concentration of 0.12 mole/lit and liquid flow rate 

of 47.6 lit/hr. For the optimum PZ concentration of 0.35 mole/lit, ηabs. has increased by 10.2 and 1.84% 

with the increment of 9 lit/hr in the liquid flow rate. 

5.4. Effect of Liquid Temperature on Absorption Efficiency 

It is known that equilibrium absorption capacity is decreased with increasing liquid temperature according 

to the exothermic nature of absorption and also leads to an increase in reaction rate according to the 

Arrhenius equation of the second-order reaction rate constant [2]. Generally, rising liquid temperature 

promotes the second-order reaction rate constant and Hatta number while reduces the viscosity of amine 

solution and thus the liquid film thickness because the ratio of viscosity to density (kinematic viscosity) can 

be the controlling factor which determines the film thickness [16]. All the mentioned factors favor the mass 

transfer process and eventually lead to an increase in KG, as depicted in Figure 18. The results exhibit that 

CO2 absorption efficiency increased with rise in amine solution temperature, suggesting that an 

enhancement in reaction rate played a more significant role in CO2 removal than a decrease in equilibrium 

capacity at higher temperatures for the solution of PZ + MDEA. A rise in temperature brings about an 

increased number of activated molecules and effective collision frequency which intensifies the reaction 

rate according to the reaction dynamics. However, the enhancement in temperature leads to increase in CO2 

partial pressure and lowers the gas solubility, causing a reduction in the mass transfer driving force. 

Furthermore, the reaction between PZ with CO2 is exothermic and thus much higher temperatures 

accelerates the reverse reaction. 
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As a result, the effect of temperature has a combined outcome, resulting in optimal temperature values in 

the range of 313-318 K. It has been reported that CO2 removal level enhances remarkably in the temperature 

domain of 25 ℃ to 50 ℃ of lean amine solution but further increase above 50 ℃ has no significant effect 

on the CO2 removal level [50]. Figure 19 demonstrates the variation of ηabs. with the rise in the liquid 

temperature from 303 K to 318 K coupled with the rotational speed of 1400 rpm and the PZ and MDEA 

concentrations of 0.35 and 2.52 mole/lit respectively. The simulation results have shown a good agreement 

compared to the experimental data in a way that ηabs. has increased from 86.1 to 92.8% with the highest 

AAD% of 3.17. 

Figure 18. Variation of KG vs. liquid temperature (N=1400 rpm, CPZ=0.35 mole/lit, CMDEA=2.52 mole/lit) 
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Figure 19. Variation of ηabs. vs. liquid temperature (N=1400 rpm, CPZ=0.35 mole/lit, CMDEA=2.52 mole/lit) 

5.5. Effect of Operational Parameters on Liquid Holdup 

In the packed beds, the gas and liquid flow rates are limited by the tendency to flood in the column. Liquid 

holdup, which is the trapped liquid phase in packing and means the occupied liquid along the bed, was 

found to depend on liquid flow rate, rotational speed and viscosity (which is the function of temperature) 

in an RPB according to Eq. 37. Burns et al. [44] used an electrical resistance approach to measure the liquid 

holdup in an RPB and have proposed an applicable correlation which was applied to estimate the liquid 

holdup in the modeling of CO2 removal using amine solutions in RPB [14,15,16]. It appeared that the liquid 

holdup is strongly affected by centrifugal acceleration and liquid velocity (flow rate). An increase in the 

liquid velocity at either constant liquid temperature or rotational speed leads to rise in liquid holdup sharply 

at the gas temperature of 313.15 K, as exhibited in Figures 20 and 21. 
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Figure 20. Liquid holdup vs. liquid flow rate (N=1400 rpm, CPZ=0.35 mole/lit, CMDEA=2.52 mole/lit) 

On the other side, enhancing the liquid temperature results in the reduction in liquid viscosity and the slight 

decrease in the liquid holdup while increasing centrifugal acceleration (rotational speed) leads to the 

significant decrease in the liquid holdup in such a way that it decreased by 42.8% with the rotational speed 
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increasing from 800 rpm to 1400 rpm at the liquid flow rate of 48 lit/hr. Figure 21 demonstrates that the 

liquid holdup declined sharply as the rotational speed increased from 800 to 1000 rpm at the same 

temperature of 313.15 K for gas and liquid phases and then decreased gradually up to the rotational speed 

of 1400 rpm as presented by Yang et al. [51]. This could be attributed to change in the regime of the liquid 

flow from pore flow to film flow and then to rivulets and droplet flow, resulting in a gradual increase in 

tortuosity of liquid flow with rising acceleration [44]. Furthermore, reduction in liquid holdup assists gas 

to pass rotor easily and pressure drop decreases accordingly. 
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Figure 21. Liquid holdup vs. liquid flow rate (T= 313.15 K, CPZ=0.35 mole/lit, CMDEA=2.52 mole/lit) 

6. Conclusion

In this work, the modeling of CO2 absorption in the blended amine solution of PZ + MDEA by a rotating 

packed bed was conducted with the application of MATLAB linked to Aspen Plus as a rate-based steady 

state model and the results were validated by the experimental data in the previous study [17]. The rotor of 

the RPB was divided into ten differential elements with the same radial length of 0.5 cm for the 

determination of mass and energy balances, which were written in MATLAB and solved simultaneously to 

consider the impact of concentration and temperature changes on the physical and transport properties 
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estimated by Aspen Plus. The most applicable correlations published in the literature were used to model 

and calculate the required parameters; the gas-side and liquid-side mass transfer coefficients were estimated 

by the correlations of Chen et al. [29,32] while the proposed equation by Onda et al. [28] was employed to 

predict the values of effective interfacial surface area. 

Different parameters such as CO2 absorption efficiency, overall mass transfer coefficient, CO2 loading and 

CO2 concentration profile in the gas phase were obtained using the model. The simulation results indicate 

good agreement with the experimental data particularly with the variation of rotational speed, PZ 

concentration and liquid temperature among which the highest AAD% for CO2 absorption is 6.64. 

Increasing rotational speed, PZ concentration, liquid temperature and flow rate has shown the continuous 

enhancement on CO2 absorption efficiency while rising MDEA concentration has influenced on CO2 

removal up to an optimal concentration. Therefore, the favorite conditions have been determined as the 

rotational speed of 1400 rpm, PZ concentration of 0.35 mole/lit, MDEA concentration of 1.68 mole/lit, 

liquid flow rate of 47.6 lit/hr and liquid temperature of 313.5 K. The outcomes reveal that the kinetic model 

has a significant effect on the simulation data in such a way that varying the second order reaction rate 

constant of each amine solvent in a certain range can reduce the deviation of the model predications with 

the experimental data. 
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Nomenclature 

Symbols Used 

𝑎 

𝑎𝑐 

𝑎′𝑝 

𝑎𝑡 

𝐶𝑀𝐷𝐸𝐴 

𝑐𝑝𝐺 

𝑐𝑝𝐿

𝐶𝑃𝑍 

𝐷𝐺 

𝐷𝐺,𝑎𝑣𝑔. 

effective interfacial surface area of packing (m2/m3) 

centrifugal acceleration (m/s2) 

surface area of the 2-mm diameter bead per unit volume of bed (m2/m3) 

total surface area of packing (m2/m3) 

methyldiethanolamine concentration (mole/lit) 

specific heat capacity of gas phase (J/mole.K) 

specific heat capacity of liquid phase (J/mole.K) 

piperazine concentration (mole/lit) 

diffusivity in gas phase (m2/s)  

average diffusivity in gas phase (m2/s) 

𝐷𝐿 (or 𝐷𝐴𝐵) diffusivity of component 𝑖 in liquid phase (m2/s) 

𝑑𝑝 

𝐸 (or 

𝐹𝐺 

𝐹𝐿 

𝐺 

𝐺𝐼 

𝑔 

𝑔0 

ℎ 

𝐻 

𝐻𝑎 

ℎ𝐺𝐿 

𝑘2 

𝐾𝐺 

𝑘𝐺 

𝑘𝐿 

𝑘𝑜𝑣 

effective diameter of packing (m) : 6(1 ― ε)/at 

𝐼)enhancement factor 

total molar flow rate of gas phase (mole/s) 

total molar flow rate of liquid phase (mole/s) 

superficial mass velocity of gas phase (kg/m2.s) 

molar flow rate of inert gas (mole/s) 

gravitational acceleration (m/s2) 

characteristic centrifugal acceleration (= 100 m/s2) 

axial height of packing (m) 

Henry’s constant in liquid phase (Pa.m3/mole) 

Hatta number 

gas-liquid interfacial heat transfer coefficient (W/m2.K) 

second-order reaction rate constant (m3/kmol.s) 

overall mass transfer coefficient (mole/m2.Pa.s) 

mass transfer coefficient in gas phase (m/s) 

mass transfer coefficient in liquid phase (m/s) 

overall reaction rate constant (1/s) 
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𝐾𝑝,𝑎𝑚 

𝐾𝑤 

𝐿 

𝑀𝑊𝑎𝑣𝑔.

𝑁 

𝑁𝑖 

𝑃 

𝑃 ∗ 

𝑞𝐺 

𝑞𝐿 

𝑅 

𝑟 

𝑟𝑖 

𝑟𝑜 

𝑟𝑆 

𝑇 

𝑇𝐺 

𝑇𝑖 

𝑇𝐿 

𝑇𝑜 

𝑈 

𝑈0 

v𝑖 

V𝑖 

V𝑜 

V𝑡 

𝑥𝑖 

𝑥𝑟𝑖 

𝑥𝑟𝑜 

𝑌𝑖 

𝑦𝑖 

protonation constant of amine solvent (kmol/m6) 

dissociation constant for water (kmol2/m6) 

superficial mass velocity of liquid phase (kg/m2.s) 

average molecular weight (g/mol) 

rotational speed (rpm) 

molar mass-transfer flux of component 𝑖 (mole/m2.s) 

total pressure (Pa) 

equilibrium partial pressure (Pa) 

heat transfer flux in gas phase (W/m2) 

heat transfer flux in liquid phase (W/m2) 

universal gas constant (Pa.m3/mole.K) 

radius axis of RPB (m) 

inner radius of RPB (m) 

outer radius of RPB (m) 

radius of stationary housing (m) 

absolute temperature (K) 

gas temperature (K) 

temperature at inner radius of each differential element (K) 

liquid temperature (K) 

temperature at outer radius of each differential element (K) 

volumetric liquid flow rate per unit area (m/s) 

characteristic volumetric liquid flow rate per unit area (= 0.01 m/s) 

special atomic diffusion volume 

volume inside the inner radius of the RPB (m3) 

volume between the outer radius of the RPB and the stationary housing (m3) 

total volume of RPB (m3) 

mole fraction of component 𝑖 in liquid phase 

mole fraction of component 𝑖 in liquid phase at inner radius of each differential element 

mole fraction of component 𝑖 in liquid phase at outer radius of each differential element 

molar ratio of component 𝑖 in gas phase (𝑦𝑖/1 ― 𝑦𝑖) 

mole fraction of component 𝑖 in gas phase 
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Δ𝐻𝑣𝑎𝑝 heat of vaporization of water (J/mol) 

Greek Symbols 

𝛼 CO2 loading 

𝛽 high-gravity factor 

𝜀 porosity of packing (m3/m3) 

𝜀𝐿 liquid holdup 

𝜂 efficiency 

𝜆 thermal conductivity (W/m.K) 

𝜇 viscosity (Pa.s) 

𝜈 kinematic viscosity (m2/s) 

𝜈0 characteristic kinematic viscosity (= 1.0 × 10-6 m2/s) 

𝜌 density (kg/m3) 

𝜎 surface tension of liquid phase (kg/s2) 

𝜎𝑐 critical surface tension of packing material (kg/s2) 

𝜎𝑤 surface tension of water (kg/s2) 

𝜔 angular velocity (rad/s) 

Subscripts 

𝑎𝑏𝑠 

𝐺 

𝑖 

absorption 

gas-phase 

inlet 

∗ 
𝑖 

𝑦𝑟𝑖 

𝑦𝑟𝑜

𝑧 

Δ𝐻𝑎𝑏𝑠

equilibrium mole fraction of component 𝑖 at gas-liquid interface 

mole fraction of component 𝑖 in gas phase at inner radius of each differential element 

mole fraction of component 𝑖 in gas phase at outer radius of each differential element 

stoichiometric coefficient 

heat of absorption (J/mol) 

𝐿 

𝑜 

𝑠 

𝑣𝑎𝑝 

liquid-phase 

outlet 

stationary housing 

vaporization 

𝑦 
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𝑅𝑒𝐺 

𝑅𝑒𝐿 

𝑆𝑐𝐿 

𝑊𝑒𝐿 

Reynolds number of gas side ( 
𝑎 . 𝜇 𝑡 𝐺 

) 

Reynolds number of liquid side ( ) 
𝐿 

𝑎 . 𝜇 𝑡 𝐿

Schmidt number of liquid side (𝐷 )
𝜈𝐿 

𝐿 

𝐿2 

Weber number (𝜌𝐿. 𝑎𝑡 . 𝜎
)

Abbreviations 

𝐴𝐴𝐷 average absolute deviation 

𝐷𝐸𝐺 diethyleneglycol 

𝐸 ― 𝑁𝑅𝑇𝐿 electrolyte non-random two-liquid 

𝐻𝑇𝑈 height of transfer unit 

𝑀𝐷𝐸𝐴 methyldiethanolamine 

𝑀𝐸𝐴 monoethanolamine 

𝑁𝑎𝑂𝐻 sodium hydroxide 

𝑃𝐶 ― 𝑆𝐴𝐹𝑇 perturbed-chain statistical associating fluid theory 

𝑃𝐼 process intensification 

𝑃𝑍 piperazine 

𝑅𝑃𝐵 rotating packed bed 

𝑆𝐻𝐴 sterically hindered alkanolamine 

𝑝 

𝜈 

𝑝 

Dimensionless Groups 

𝐹𝑟𝐿 
𝐿2.𝑎𝑡 

Froude number (
𝜌2.𝑎 

) 
𝐿 𝑐 

𝑑3 .𝑎𝑐 

𝐺𝑟𝐺 Grashof number of gas side ( 2 ) 
𝐺 

𝐺𝑟𝐿 Grashof number of liquid side ( 
𝑑3 .𝑎𝑐 

2  ) 
𝐿 

𝐺 
𝜈 
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Highlights: 

1. Rate-based simulation of CO2 absorption by the blended amine solutions of PZ + MDEA in a

rotating packed bed

2. Application of MATLAB linked to Aspen Plus for the modeling and the extraction of physical and

transport properties

3. Presenting differential elements for the solving mass and energy balances

4. Application of the property package of E-NRTL and PC-SAFT for the prediction of vapor and

liquid physical and transport properties

5. Low deviation between the simulated data and the experimental data
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