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A multiphase and multicomponent mass transfer model of CO2 absorbed in aqueous N-methyldiethanolamine and piper-
azine (PZ) was built in the study. In the model, a simple method of mass transfer between phases was proposed.
Besides, the hydrodynamics, thermodynamics, and complex reversible chemical reaction were considered simultaneously.
The model was validated by comparing with the previous experimental data which showed that simulated results can
represent the experimental data with reasonable accuracy. Based on the model, the effects of gas velocity, liquid load
and CO2 loading on the absorption rate, and enhancement factor were analyzed. Model results showed that the
enhancement factor increased with a rising gas velocity while decreased with a rising liquid load or CO2 loading. The
change of enhancement factor with CO2 loading was similar to that of equilibrium concentration of PZ which indicated
that PZ was significant to the absorption process. Furthermore, the distributions of specie concentrations were discussed
in detail. VC 2016 American Institute of Chemical Engineers AIChE J, 63: 2386–2393, 2017
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Introduction

Aqueous amine solutions are widely used to remove acid gas-

es such as CO2 and H2S from natural gas, power plant flue gas,

synthetic gas, and refinery off gas.1 One of the most commonly

used absorbents is piperazine (PZ) activated N-methyldiethanol-

amine (MDEA).2–4 Such absorption processes are usually

accompanied by the chemical reaction in the liquid phase of gas-

liquid contactor. To accurately design the separation process and

equipment, it is necessary to build a comprehensive model that

can describe the mass transfer phenomenon. To build such a

model, there are mainly three aspects should be included. First,

the hydrodynamic parameters such as the gas and liquid loads,

velocity profile in the phase layer, and contactor structure. Sec-

ond, the thermodynamic equilibrium condition which is used to

calculate the driving force of multiphase mass transfer and spe-

cies concentration in the liquid phase. Last, the rate consideration

which includes convection-diffusion mass transfer in both of the

phases and the chemical reaction kinetics.
During the last decades, the problem of gas absorption with

chemical reaction has been extensively studied based on the two

film theory,5 the penetration theory,6 the surface renewal theory,7

and the film-penetration theory.8 For the turbulent flow, a more

realistic method is the eddy diffusivity theory in which the diffu-
sion coefficient is revised to allow for the effect of turbulent.9

Glasscock and Rochelle10 compared the performances of these
theories by the case of CO2 absorbed in the aqueous MDEA. The
result showed that eddy diffusivity theory had an excellent
approximation to the surface renewal theory, and was generally
more accurate than the film theory. Based on the eddy diffusivity
theory, Bishnoi11 built a rigorous one-dimensional model of CO2

absorbed in the aqueous MDEA and PZ. Model results repre-
sented the experimental absorption rate obtained by a wetted wall
column with reasonable accuracy, providing that the interfacial
CO2 pressure was given appropriately. However, the value in the
model was determined by the experiment which indicated that
the model tended to check the experimental operation rather than
predict. Unlike the previous model, Samanta and Bandyopad-
hyay12 developed a transient model for the absorption process.

Although the absorption models aforementioned10–12 con-
sider the rate and thermodynamic conditions, the hydrodynam-
ic parameter which is crucial to the absorption process with
finite liquid thickness is not included in detail.13 Besides, mass
transfer in the gas phase is not considered in these models. To
represent the reality and build a completed model, it is neces-
sary to consider all of these factors. Actually, the investiga-
tions on chemical absorption in a liquid layer with finite
thickness and different flow patterns have been extensively
conducted for a long time. For the laminar flow with half-
parabolic velocity profile, analytical solutions have been
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obtained for chemical absorption with zero-order reaction14,15

and first-order reaction.16,17 Numerical analyses have been
performed for the cases with instantaneous reaction18,19 and
second-order reaction.20,21 Similar works have been done for
the plug flow13,22 and turbulent flow.23,24 However, these stud-
ies are mainly focused on the simple reaction, and few
researches have been conducted for a reversible reaction con-
sidering the hydrodynamic parameters at the same time. With
the development of computational fluid dynamics (CFD) theo-
ry and computer technology, it is possible to model flow
behavior in the complex structure, and the method is potential
to be extended to model mass transfer in the phase layer with
finite thickness.25–27 Recently, the CFD technology has been
used to model the mass transfer with first-order reaction.28

Unfortunately, mass transfer with multiple reactions, especial-
ly for instance with reversible reaction, seems more difficult to
implement in the CFD software and is modeled by introducing
an enhancement factor which is the ratio of absorption rate
with and without chemical reaction.29

The industrial process of CO2 absorbed in aqueous MDEA
and PZ is mainly characterized by the three aspects. First, the
liquid spray density is generally low resulting from low CO2

composition in the gas and high efficiency of the absorbent.
For the reason, the liquid layer is thin on the packing, and it is
important to consider the hydrodynamics in the mass transfer
model. Besides, to investigate the effects of equipment struc-
ture, gas, and liquid loads on the absorption process, the hydro-
dynamics of both phases should be included. Second, the
thermodynamics for the system is complex. Since the reactions
of CO2 and mixed solvent lead to considerable species which
have effect on the driving force of mass transfer, a rigorous
thermodynamic model should be adopted. Last, it includes
multiple reversible reactions. Some of them are assumed to be
kinetically controlled while others are always considered to be
in chemical equilibrium.11 All the three aspects are important
and should be included in a completed model. The previous
studies either not pay enough attention to the hydrodynamics
or the complex reversible reactions. Therefore, in the study, a
more completed model which considers the hydrodynamics,
thermodynamics and rate condition of both phases is built. At
the same time, a simple method of mass transfer between
phases is proposed. The model is validated by comparing to
the previous experimental data obtained by a wet wall col-
umn.11 Then, the effects of gas velocity, liquid spray density,
and CO2 loading on the absorption process are analyzed.

Model Development

Reaction mechanism

When CO2 dissolves into the mixed solution, several reac-
tions take place in the liquid phase, as shown in Figure 1. It is
assumed that R1–R6 are reversible and kinetically con-
trolled.30 R7–R12 are always considered to be in equilibrium
since these reactions only involve a proton transfer.30 The rate
expression for a kinetically controlled reaction, taking R1 for
example, is given by

R15k1;1½MDEA�½CO2�2k1;21½MDEAH1�½HCO2
3 � (1)

The rate constants of forward and reverse reaction are given
by

k1;15k298:15exp
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k1;215k1;1=K1 (3)

K1 is the equilibrium constant of R1, and is determined by the

ratio of the species in the equilibrium condition

K15
½MDEAH1�½HCO2

3 �
½MDEA�½CO2�

(4)

It should be noted that water is considered to be constant in

the model, and is left out of the kinetic and chemical equilibri-

um expressions, since it can be lumped with the apparent rate

and chemical equilibrium constants.11 Rate constants for the

forward reaction are taken from literatures11,31,32 and listed in

Table 1. The unit of k298.15 for R4 and R6 is L2/(mol2�s) while

it is L/(mol�s) for the others. The equilibrium constants are cal-

culated by the electrolyte NRTL model.33

Model equations

The volume of fluid (VOF) method is adopted to model the

gas-liquid multiphase flow for its relatively few computing

resources and ability of accurately tracking the interface. The

governing equations are represented as follows.
For the qth phase, the volume fraction equation is given by

@aq

@t
1r � aq~v

� �
50 (5)

A single momentum equation is solved in the computing

domain, and the velocity field is shared among the phases

@

@t
q~vð Þ1r � q~v~vð Þ52rP1r � ½lðr~v1r~vTÞ�1q~g1~F (6)

The material properties such as viscosity and density for the

multiphase are calculated by the average of volume fraction:

u5
X

aquq (7)

The RNG k- e model is used to calculate a turbulent flow, and

the differential viscosity model in the Fluent is adopted which

Figure 1. Reactions of CO2 in aqueous MDEA 1 PZ.
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allows the model to better handle low-Reynolds-number and

near-wall flows. The species transports are implemented by

solving the user defined scalar (UDS) transport equations. The

transport equation for component i in phase l is given by

@alqlui;l

@t
1r � ðalql~vui;l2alCi;lrui;lÞ5Si;l (8)

The source term in Eq. 8 includes the mass transfer between

phases and changes caused by chemical reaction. CO2 in the

gas and liquid phases are regarded as different species. There-

fore, there are 14 species (except H2O) in the system. The spe-

cies have the following relationships (molar basis).
At the interface, mass transfer from gas to liquid phase is

calculated by the method modified from the work of Bothe

and Fleckenstein34 (equilibrium is reached in the cell at the

interface).

SCO2;g5ag � Cg � ðyCO2
2y�CO2

Þ=Dt (9)

where Cg is the total molar concentration of gas, yCO2 is the

molar fraction of CO2 in the cell at the interface, y�CO2
is the

equilibrium composition at the interface which is given by

y�CO2
5P�CO2

=P with P�CO2
5mx�CO2

(10)

m is the equilibrium constant and can be obtained by the method

introduced in the literature,33 x�CO2
is the molar fraction of liquid

phase at the interface, �t is the time step size (the simulation is

carried out with a transient method.). The proposed method is

simple and valuable, because (1) it gives a strict upper bound of

mass transfer; (2) it can be used to any kind of multiphase mass

transfer problem without particular modification; (3) it is robust,

for instance the interfacial area density which is difficult to cap-

ture accurately in the VOF method is not needed.34

In the liquid phase, mass transfer is a diffusion, convective

and reaction process. There are following relationships.
Constraints for the source terms:

SCO2;l
5SCO2;g

2ðR11R21R31R41R51R6Þal (11)

SMDEA;l1SMDEAH1;l50 (12)

SPZ;l1SPZCOO2;l1SHPZCOO;l1SPZH1;l1S
PZH21

2 ;l1SPZðCOO2Þ2;l50

(13)
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2SCO2;g

1SHCO2
3 ;l

1S
CO22

3 ;l
1SPZCOO2;l1SHPZCOO;l

12SPZðCOO2Þ2;l50
(14)

SPZCOO2;l1SHPZCOO;l5ðR31R42R52R6Þal (15)

SPZðCOO2Þ2;l5ðR51R6Þal (16)

Electroneutrality equation:

½MDEAH1�1½H1�1½PZH1�12½PZH21
2 �5½HCO2

3 �1½OH2�
1½PZCOO2�12½PZðCOO2Þ2�12½CO22

3 �
(17)

Equilibrium reactions:

K75
½CO22

3 �
½HCO2

3 �½OH2� (18)

K85
½MDEAH1�½OH2�
½MDEA� (19)

K95
½PZH1�½OH2�
½PZ� (20)

K105
½PZH21

2 �½OH2�
½PZH1� (21)

K115
½HPZCOO�½OH2�
½PZCOO2� (22)

K125½H1�½OH2� (23)

As so far, the mass transfer model is completed. The above
governing equations can be solved simultaneously to get the
concentration of each species. The enhancement factor is cal-
culated by the model result and is given by

E5
NCO2;chem

NCO2;phys

(24)

where NCO2 is the average absorption rate of CO2. The result
of physical absorption in the model is obtained by disabling
the source terms of reaction.

For the physical absorption, the local mass-transfer coeffi-
cient of CO2 in liquid phase is given by

kl5
@CCO2

@nP
�����P �

DCO2;l

C
CO2;
P2CCO2;bulk

(25)

the first term on the right side of equation denotes the normal
gradient at the interface, CCO2 ,

P is the liquid CO2 concentra-
tion at the interface. Also, the penetration theory has been
used in the area,28 and the local mass-transfer coefficient is
calculated by

kl5

ffiffiffiffiffiffiffiffiffiffiffiffi
DCO2;l

pt

r
with t5n=uP (26)

where n is the coordinate associated to the interface (n 5 0 at
the liquid inlet and n 5 k at the liquid outlet, k is the total
length of the interface), uP is the local interface velocity. The
difference between the two equations will be discussed in
Results and discussions Section. The average is defined as

�kl5
1

k

ðk

0

kldn (27)

Physical properties

Physical properties such as diffusion coefficient, viscosity,
and density are essential to model the mass transfer process.
Since reaction occurs when CO2 dissolves into aqueous

Table 1. Pre-Exponential Factor and Activation Energy for the Forward Reactions of R1~R6
11,31,32

R1 R2 R3 R4 R5 R6

k298.15 5.19 3 103 8.79 3 103 5.37 3 104 1.46 3 104 4.70 3 104 1.27 3 104

Ea J/mol 4.54 3 104 5.53 3 104 3.36 3 104 8.43 3 104 3.36 3 104 8.43 3 104
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MDEA and PZ, the diffusion coefficient cannot be measured
directly and is estimated by the N2O analogy.35

DCO2;Amine5DN2O;Amine

�
DCO2;H2O

DN2O;H2O

�
(28)

The diffusion coefficients of CO2 and N2O in water is given by36

DCO2;H2O58:1331026exp ð22488=TÞ (29)

DN2O;H2O59:7231026exp ð22582=TÞ (30)

The experimental diffusion coefficients of N2O, MDEA, and
PZ36,37 can be correlated to the Stokes–Einstein equation.

D5
a � T
lb

(31)

And the parameters are listed in Table 2. Diffusion coefficients
of ions are set to the value of PZ. Diffusion coefficient of CO2

in the gas phase is calculated by the method introduced in Ful-
ler et al.38

The influence of CO2 on the viscosity and density is not
considered in the model. The experimental viscosity of liquid
phase37 is correlated by

ln
l

lH2O

5a1M11M2=T (32)

with

M5b � wMDEA1c � wPZ1d � wMDEA � wPZ (33)

where w is the mass fraction. Table 3 lists the parameters for
the viscosity correlation. The average absolute relative devia-
tion for the correlation is 3.24%. The viscosity of gas phase
can be obtained from the handbook.39

The experimental density of liquid phase37 is correlated by

q
qH2O

5a1b � wMDEA1c � wPZ (34)

where a, b, and c are 1.0022, 0.0896, and 0.0626, respectively.
The average absolute relative deviation for the correlation is
0.14%. The gas density is evaluated by the state equation of
ideal gas.

Computational model

Bishnoi11 established a wetted wall column to study the
absorption of CO2 in aqueous MDEA and PZ. The equipment
and operating parameters have been described in detail in the
literatures.11,40 The main part of the equipment consisted of
two coaxial cylinders, and the absorption process occurred in
the annular space. Amine solution flowed down the outside of
the inner cylinder and gas was introduced from the bottom of
the annular space. Based on the experimental data, a 1D model
which only considered the diffusion and reaction in the liquid
phase was built. In the model, the interfacial pressure of CO2

was the log mean average of inlet and outlet experimental val-
ues which should be known before modeling. This indicates
that the model is more appropriate to check the experimental
data rather than predict. Furthermore, the model does not pay
enough attention to the hydrodynamics of the liquid phase, nor
include the mass transfer in the gas phase or between the
phases. Therefore, the effects of gas and liquid loads on the
absorption process cannot be studied in the 1D model.

To improve the problems aforementioned, a 2D rotating
axisymmetric model of the wetted wall column is built in the
study. The computational domain and boundaries are dis-
played in Figure 2. At the liquid inlet, the velocity and film
thickness are evaluated by the Nusselt theory,41 and the com-
positions of species are specified for a given CO2 loading in
the aqueous MDEA and PZ. At the gas inlet, the composition
of CO2 is specified. The Neumann boundary conditions are
used at the outlet of both phases (@u=@X50). The flux of each
species through the wall is set to zero, and the standard wall
function is used in the near wall treatment. Simulation is car-
ried out with the commercial code Fluent, and a transient
method is adopted. The grids are refined in the liquid phase,
near the gas-liquid interface and the wall boundary. The cell
size near the interface is about 0.01 mm. The Pressure-Implicit
with Splitting for Operators scheme is chosen for the pressure-
velocity coupling and the Geo-Reconstruct method is adopted
to track the gas-liquid interface. The first order upwind discre-
tization scheme is used for the momentum and species trans-
port equations. For comparing with experiment, the gas phase
consists of nitrogen and CO2, while it is air and CO2 for the
other cases.

Results and Discussions

The physical mass-transfer coefficients obtained by the pen-
etration theory and the model result are compared in Figure 3,
which shows that model result has the similar trend with the
penetration theory. Furthermore, the averages for the model

Table 2. Parameters of Eq. 31, m
2
/s

a b

N2O 2.33 3 10214 0.791
MDEA 5.36 3 10214 0.575
PZ 5.89 3 10214 0.579

Table 3. Parameters for the Viscosity Correlation

a ba ca da

20.194 26.901 3.437 264.713
3.523 3 103 232.758 2.216 3 104

aThe first row is used to calculate M1while the second row is used for M2.

Figure 2. Computational model for the wetted wall column.
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result and penetration theory is 3.10 3 1025 and 2.94 3 1025

m/s. Therefore, it is reasonable to adopt the physical mass-
transfer coefficient obtained by the penetration theory when
the mass-transfer coefficient is not available. To validate the
model, Figure 4 shows the comparison of modeled absorption
rates and experimental value of Bishnoi.11 Simulated result
shows that the model proposed in the study can predict the
experimental data with reasonable accuracy. Although the 1D
model11 can represent experimental data in the low flux
region, the errors in the high flux region are relatively large.
Furthermore, as aforementioned, the interfacial pressure of
CO2 in the 1D model which has great influence on the model
result should be obtained by the experiment. The 2D model
including equipment structure and mass transfer in both phases
is closer to the reality.

In the following analyses, the operating parameters are
T 5 313 K, P 5 2 atm, CMDEA5 4 mol/L, and CPZ 5 0.6 mol/L.
Figure 5 represents the CO2 concentration fields in gas phase for
conditions with and without chemical reaction. For the physical

absorption, the simulated results are obtained by disabling the
source terms of reaction. Due to the absorption, the concentration
decreases along with the direction of gas flow. Since the absorp-
tion occurs in the interfacial zone, the gas CO2 concentration has

Figure 3. Physical mass-transfer coefficient of penetra-
tion theory and model result.

T 5 313 K, P 5 2 atm, CMDEA5 4 mol/L and

CPZ 5 0.6 mol/L, CO2 loading 50.1, yCO2,in 5 0.01,

ug 5 0.05 m/s, L 5 20 m3/(m2�h). (k is the total axial

length of interface.)

Figure 4. Comparison of model results and experimen-
tal data.

T 5 313~343 K, P 5 1–8 atm, CO2 loading 5 0.004–0.14,

CMDEA 5 4 mol/L, CPZ 5 0.6 mol/L.

Figure 5. Gas CO2 concentration fields for conditions
with and without chemical reaction.
ug 5 0.05 m/s, L 5 20 m3/(m2�h), CO2 loading
50.1, yCO2,in 5 0.01.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 6. CO2 distributions in the liquid film of liquid out-
let for conditions with and without reaction.

ug 5 0.05 m/s, L 5 20 m3/(m2�h), CO2 loading 50.1,

yCO2,in 5 0.01. (r5d at the interface).

Figure 7. Effects of gas and liquid load on the absorp-
tion rate of CO2 (model results).

CO2 loading 50.1, yCO2,in 5 0.01.
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a lower value compared to the radial position away from the
interface. Although the trends for the physical and chemical
absorption are similar, the removal efficiency for the chemical
absorption is higher which results in a lower CO2 concentration
field. Figure 6 shows that the liquid CO2 concentration at the
interface is lower for the chemical absorption, which is mainly
caused by the following two factors. One is that the existence of
reaction depletes part of CO2 in the liquid. This indicates that the
absorption rate should be not only determined by the concentra-
tion gradient at the interface, but also includes the depletion
caused by the reaction at the position. The other is that the CO2

partial pressure in the gas phase is low which results in a low liq-
uid CO2 concentration at the interface. Since the liquid diffusion
coefficient of CO2 is small, the CO2 tends to accumulate near the
interface where the gradient is great. Although the concentration
difference between physical and chemical absorptions is signifi-
cant near the interface, the concentrations for both the conditions
are nearly equal in the bulk phase. According to this, a thicker

liquid film need not to have a significant increase of mass trans-

fer, except the turbulence which is beneficial to the mass transfer

is intensified. It is why the packing is designed with complex

structure and to possess thin liquid film.
Figure 7 displays the effects of gas and liquid load on the

absorption rate of CO2 (model results). The absorption rate

increases with a rising gas velocity, and the gradient is greater

in the region of low gas velocity. With the increase of gas

load, the convection and diffusion of mass transfer are intensi-

fied which improves the gas CO2 concentration field, as shown

in Figure 8. This is beneficial for CO2 to transfer to the inter-

face and then dissolve in the liquid phase which results in a

higher absorption flux. Since the viscosity and density differ-

ences between gas and liquid are significant, the increased gas

load has little effect on the hydrodynamics and mass transfer

of liquid phase. Furthermore, the diffusion coefficient of CO2

in liquid phase is small. Therefore, the rising absorption rate

leads to a high liquid CO2 concentration at the interface, as

displayed in Figure 9. Simultaneously, the small CO2 diffusion

coefficient in the liquid results in a large gradient near the

interface while the liquid bulk concentrations for different gas

load keep unchanged. The trend of CO2 leads to the profile of

absorbent (take PZ for example), as shown in Figure 10. PZ is

Figure 8. Gas CO2 concentration fields for different gas
loads.

L 5 20 m3/(m2�h), CO2 loading 50.1, yCO2,in 5 0.01. [Color

figure can be viewed at wileyonlinelibrary.com]

Figure 9. CO2 distributions in the liquid film of liquid
outlet for different gas loads.

L 5 20 m3/(m2�h), CO2 loading 50.1, yCO2,in 5 0.01. (r5d
at the interface).

Figure 10. PZ and PZCOO2 distributions in the liquid
film of liquid outlet for different gas loads.

L 5 20 m3/(m2�h), CO2 loading 50.1, yCO2,in 5 0.01.

(r5d at the interface).

Figure 11. CO2 distributions in the liquid film for differ-
ent liquid loads and axial positions.

ug 5 0.05 m/s, CO2 loading 50.1, yCO2,in 5 0.01. [Color

figure can be viewed at wileyonlinelibrary.com]
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depleted while PZCOO2 is produced significantly near the
interface.

For L 5 20 m3/(m2�h), with the gas velocity increases from
0.05 to 0.6 m/s, the enhancement factors are 11.0, 12.8, 16.1,
18.5, and 20.1, respectively. A rising gas velocity leads to a
greater enhancement factor. As analyzed previously, the rising
gas velocity improves the gas CO2 concentration field which
results in a higher driving force of mass transfer. For the phys-
ical absorption, the interfacial CO2 concentration always keeps
at a high value. Thus, the increase of driving force and the
amplification of absorption rate is small. For the chemical
absorption, due to the existence of reactions, the interfacial
CO2 concentration keeps at a low value. Therefore, the ampli-
fications of diving force and absorption rate caused by the ris-
ing gas velocity are relatively great. This leads to a higher
enhancement factor for a rising gas load.

With the increase of liquid spray density, the absorption
rate increase, as shown in Figure 8. Since the rising liquid
velocity intensifies the mass transfer in the liquid phase, the
liquid CO2 concentration at the interface has a low value, as
displayed in Figure 11, which leads to a rising absorption rate.
It should be noted that, for a greater liquid load, the interfacial

CO2 concentration not always has a lower value at any axial
position, as shown in Figure 12. When the gas velocity greater
than a certain value, the absorption rate for a higher liquid
load has a relatively large rise, and the interfacial CO2 concen-
tration at the liquid outlet may be not with a lower value. For
L 5 25 m3/(m2�h), with the gas velocity increases from 0.05 to
0.6 m/s, the enhancement factors are 10.8, 12.6, 14.9, 17.4,
and 18.9. A rising liquid load leads to a lower enhancement
factor. Although the increased liquid load intensifies the mass
transfer which improves the absorption rates of physical and
chemical absorptions, the average amplifications for the physi-
cal and chemical absorptions in the study gas load are 11.60%
and 6.28%, respectively. Therefore, the enhancement factor
decreases with a rising liquid load.

Figure 13 represents the effects of CO2 loading on the
absorption rate and enhancement factor. To better investigate
the effect of CO2 loading, the CO2 concentration in the gas
phase is set to uniform, and is equal to the feed value.
Although the ratios between CO2 partial pressure at the gas
inlet and equilibrium condition keep the same, the driving
force of mass transfer is greater for a higher CO2 loading
which has a larger equilibrium CO2 partial pressure. There-
fore, the absorption rate increases with a rising CO2 loading.
With the increase of CO2 loading, the enhancement factor
decreases. Since the increase of CO2 loading results in a low
MDEA and PZ concentration in the liquid phase, as shown in
Figure 14, the enhancement factor will decrease. In Figure 14,
it can be seen that the PZ concentration is more sensitivity to
the CO2 loading, and the trend of enhancement factor is simi-
lar to the change of PZ concentration which indicates that the
activator is significant to the absorption process.

Conclusion

The multiphase and multicomponent mass transfer model of
CO2 absorbed in aqueous MDEA and PZ was built in the
study. The model was implemented in the commercial CFD
software which considered the hydrodynamics, thermodynam-
ics, multiphase mass transfer, and complex reversible chemi-
cal reaction. In the model, a simple method was proposed to
deal with mass transfer between phases. Model results repre-
sent the experimental data with reasonable accuracy. In addi-
tion, the physical mass-transfer coefficients obtained by the

Figure 12. CO2 distributions in the liquid film for differ-
ent liquid loads and axial positions.

ug 5 0.6 m/s, CO2 loading 50.1, yCO2,in 5 0.01. [Color

figure can be viewed at wileyonlinelibrary.com]

Figure 13. Effect of CO2 loading on the absorption rate
and average enhancement factor.

PCO2,in/P*
CO2

51.5, L5 20 m3/(m2�h), ug 5 0.1 m/s.

Figure 14. Equilibrium concentrations of MDEA and PZ
for the different CO2 loading.

C0 is the concentration of MDEA and PZ with CO2

loading 5 0.
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penetration theory and the model result have similar trends
and averages.

Based on the model, the effects of operating parameters on
the absorption rate and enhancement factor are analyzed. Sim-
ulated result shows that the absorption rate increases with a
rising gas velocity which intensifies the mass transfer in the
gas phase. Besides, the increased gas load results in a rising
enhancement factor. A rising liquid load results in a higher
absorption rate and lower enhancement factor. The increase of
CO2 loading leads to a decrease of enhancement factor result-
ing from that the absorbent concentrations decrease with the
rising loading. Furthermore, the trend of enhancement factor
is similar to that of PZ equilibrium concentration which indi-
cates that PZ is a significant activator to the absorption pro-
cess. The distributions of species in the liquid are analyzed,
and the changes have greater gradients near the interface.
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