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a b s t r a c t

This work presents the modeling and experimental investigation on absorption of CO2 by Benfield solution
in rotating packed bed (RPB). A model was established to illustrate the mechanism of gas–liquid mass
transfer with reactions in RPB at higher gravity level. Experiments were carried out at various rotating
speeds, liquid flow rates, gas flow rates and temperatures in RPB, with Benfield solution as the absorbent.
eywords:
odeling

otating packed bed
as–liquid mass transfer
bsorption

The validity of this model was demonstrated by the fact that most of the predicted yo (mole fraction of
CO2 in outlet gas) agreed well with the experimental data with a deviation within 10%. The presented
profile of KGa (gas-phase volumetric mass transfer coefficient) along the radial direction of the packing
could reasonably explain the end effect in RPB. As a result, this model is reliable in describing the removal
of CO2 by Benfield solution in RPB at higher gravity level.

© 2008 Published by Elsevier B.V.
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. Introduction

CO2 is a greenhouse gas and a main contributing factor to the
lobal warming. In order to reduce CO2 emission, more than 140
ountries have ratified the Kyoto Protocol, which was validated on
ebruary 16, 2005. So far, researchers have developed several meth-
ds to remove CO2, such as absorption, adsorption and membrane
1]. Absorption process has been industrially adopted in many pro-
esses, such as synthesis-gas production, natural gas processing, oil
efining, and hydrogen manufacture. The conventional gas–liquid
ontactors employed in those processes, including packed tower,
pray column, and bubble column, have significant limitations in
ass transfer, leading to low efficiency and high cost. Therefore,

he development of a gas–liquid contactor with high mass transfer
fficiency is desired.

Rotating packed bed (RPB), also known as Higee (High gravity), is

sed as a gas–liquid contactor for the applications of reactive pre-
ipitation, distillation, stripping, etc [2–4]. According to previous
tudies, RPB has higher gas–liquid mass transfer efficiency, which
s evidenced by the fact that the volumetric gas–liquid mass transfer
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oefficients achieved in RPB are an order of magnitude higher than
hose in conventional packed bed [5,6] RPB is designed to gener-
te high acceleration via centrifugal force, leading to the formation
f thin liquid films and tiny liquid droplets, which could enhance
he mass transfer between gas and liquid. Recently, RPB has been
sed to absorb CO2 with aqueous solutions of alkanolamine as
bsorbents [7,8], and the effects of various operation parameters
n the absorption performances were investigated.

In the manufacture of ammonia, the removal of CO2 from the
ynthesis gas is an important step. Benfield Process, originally
eveloped by Benson et al. [9], has gained wide industrial accep-
ance for CO2 removal. In Benfield Process, amine-promoted hot
otassium carbonate solution, which is called Benfield solution, is
mployed as the absorbent. The amine promoter could significantly
nhance the absorption rate, while the carbonate–bicarbonate
uffer offers advantages of large capacity for CO2 absorption and
ase of regeneration. Therefore, Benfield Process is known as an
conomic and efficient way of removing large quantities of CO2
rom synthesis gases. Conventional packed bed has been used as
he gas–liquid contactor for Benfield Process for a long time and
ttempts have been made to model this process. A model proposed
y Sanyal et al. [10] simplified the calculations and gave reasonable

redictions for Benfield Process in packed bed.

A few authors have attempted to establish the model of
as–liquid mass transfer in RPB as well. Guo et al. [11] developed a
odel describing three types of mass transfer processes in a cross-

ow RPB. Chen et al. [12] proposed a model for ozonation process in
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Nomenclature

at specific area of packing per unit volume of a packed
bed (m2 m−3)

c concentration of CO2 in a spheral droplet
(kmol m−3)

cCO2 concentration of CO2 in the reactive solution
(kmol m−3)

cCO2,e equilibrium concentration of CO2 in the reactive
solution (kmol m−3)

cDEA concentration of DEA (kmol m−3)
ce equilibrium concentration of CO2 in a spheral

droplet (kmol m−3)
cHCO−

3
concentration of HCO3

− ion (kmol m−3)

cOH− concentration of OH− ion (kmol m−3)
c0 concentration of CO2 at the gas–liquid interface

(kmol m−3)
d diameter of spheral droplet (m)
dp packing nominal size (m)
d1 the diameter of droplets at demarcation point (m)
DG diffusivity of CO2 in gas (m2 s−1)
DL diffusivity of CO2 in the reactive solution (m2 s−1)
g0 characteristic centrifugal acceleration (=100 m s−2)

(m s−2)
G′ gas mass flux (kg m−2 s−1)
GN2 molar flow rate of N2 (mol s−1)
h axial height of a packed bed (m)
hi ion-specific parameter (m3 kmol−1)
hG gas-specific parameter (m3 kmol−1)
H Henry’s constant in the reactive solution

(Pa m3 mol−1)
H0 Henry’s constant in pure water (Pa m3 mol−1)
kDEA forward rate constant of Reaction (13)

(m3 kmol−1 s−1)
kG gas-side mass transfer coefficient

(mol Pa−1 m−2 s−1)
kL liquid-side mass transfer coefficient (m s−1)
kOH forward rate constant of Reaction (4)

(m3 kmol−1 s−1)
k–OH backward rate constant of Reaction (4)

(m3 kmol−1 s−1)
k1 pseudo first order rate constant (s−1)
KG overall gas–liquid mass transfer coefficient

(mol Pa−1 m−2 s−1)
KGa gas-phase volumetric mass transfer coefficient

(mol Pa−1 m−3 s−1)
Kw ionic product of water (kmol2 m−6)
K1 first ionization equilibrium constant for carbonic

acid (kmol m−3)
K2 second ionization equilibrium constant for carbonic

acid (kmol m−3)
NCO2 absorption rate of CO2 per unit volume

(mol m−3 s−1)
P total pressure (Pa)
Q liquid flow rate (L h−1)
r radial coordinate of a packed bed from the center

(m)
ri inner radius of a rotating packed bed (m)
ro outer radius of a rotating packed bed (m)
r* dimensionless form of r ((r − ri)/(ro − ri))
R radial coordinate of a spheral droplet (m)
T temperature (K)
u liquid flow rate per unit area (m s−1)

u0 characteristic flow rate per unit area (=1 cm s−1)
(m s−1)

y mole fraction of CO2 in gas
yo mole fraction of CO2 in outlet gas

Greek letters
ε voidage of the dry packing
εL liquid holdup in RPB
�G viscosity of gas (kg m−1 s−1)
�G density of gas (kg m−3)
�L density of liquid (kg m−3)
� surface tension of the liquid (N m−1)
� kinematic viscosity of the liquid (m2 s−1)
�0 characteristic kinematic viscosity (=10−6 m2 s−1)

(m2 s−1)
ω rotational speed (rad s−1)

Dimensionless quantities
′ −1 −1

R
w
R
l
t
i
t
i
d
a
m

t
n
p
e
o
m
w
i
t
g

2

t

C

S
s
o
r

C

T
s
o

C

ReG gas Reynolds number (G at �G )
ScG gas Schmidt number (�G�−1

G D−1
G )

PB to achieve some empirical correlations. Nevertheless, all these
orks were based on the assumption of a homogeneous regime in
PB, which means some of the hydrodynamics parameters, such as

iquid hold-up, film thickness, were assumed as constants. In fact,
hese parameters change along the radial direction of the packing
n RPB. In addition, these models only predicted the mean mass
ransfer coefficients, so some important characteristic phenomena
n RPB were ignored, such as end effect, which was experimentally
iscovered in the works of Guo [13] and Chen et al. [14]. Hence,
comprehensive model reflecting more realistically mass transfer
echanism in RPB needs to be developed.
The objective of the present study is to model and investigate

he removal of CO2 by Benfield solution in RPB. At first, a mecha-
ism model was presented to describe the gas–liquid mass transfer
rocess with reactions in RPB operated at higher gravity level. The
xperiments of CO2 absorption by Benfield solution in RPB at vari-
us operation conditions were carried out as well. The validity of the
odel is demonstrated by the agreement of the predicted results
ith the experimental data. Moreover, the model could reasonably

llustrate end effect in RPB and provide much valuable informa-
ion about the removal of CO2 by Benfield solution in RPB at higher
ravity level.

. Chemical reactions

The basic reaction chemistry for hot potassium carbonate solu-
ion and CO2 is represented by the following overall reaction:

O2 + K2CO3 + H2O � 2KHCO3 (1)

ince potassium carbonate and potassium bicarbonate are both
trong electrolytes, it may be assumed that the metal is present
nly in the form of K+ ions, and Reaction (1) can be more realistically
epresented in the ionic terms as

O2 + CO3
2− + H2O � 2HCO3

− (2)
he above reaction, being trimolecular, evidently involves a
equence of elementary steps. At high pH (pH > 10), it is composed
f the following two reactions [15]:

O3
2− + H2O � OH− + HCO3

− (3)
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O2 + OH− kOH
�

k−OH

HCO3
− (4)

ince Reaction (3) is an instantaneous reaction, Reaction (4) is the
ate-controlling step. Thus, the rate equation for reaction of CO2
ith un-promoted hot potassium carbonate can be written as

rOH = kOHcOH− cCO2 − k–OHcHCO3
− (5)

here kOH and k–OH are forward and backward rate constants of
eaction (4), respectively. When chemical equilibrium is reached,
q. (5) gives:

OHcOH− cCO2,e = k–OHcHCO3
− (6)

here cCO2,e is the equilibrium concentration of CO2. The reaction
ate for reverse Reaction (4) in Eq. (6) has been evaluated by con-
idering conditions at equilibrium, and it is generally true even
hen the system is not at equilibrium [16]. The net forward rate

f reaction can be deduced by substituting Eq. (6) into Eq. (5):

rOH = kOHcOH− (cCO2 − cCO2,e) (7)

CO2,e can be calculated from the ionization of carbonic acid:

O2 + H2O
K1
�HCO3

− + H+ (8)

CO3
−K2
�CO3

2− + H+ (9)

herefore, cCO2,e can be written as

CO2,e =
K2c2

HCO3
−

K1cCO3
2−

(10)

here K1 and K2 is the first and second ionization constant of
arbonic acid, respectively. Taking into account the ionization equi-
ibrium of water:

2O
Kw
�H+ + OH− (11)

he OH− concentration can therefore be expressed as

OH− =
KwcCO3

2−

K2cHCO3
−

(12)

here Kw is the equilibrium constant of the ionization equilibrium
f water.

When a small amount of diethanolamine (DEA) is added into
he solution, the absorption rate of CO2 is enhanced significantly
ccording to the following reactions [17]:

O2 + R2NH
kDEA� R2N+HCOO− (13)

2N+HCOO− + OH− � R2NH + HCO3
− (14)

O2 reacts with DEA to form carbamate, a zwitterion intermediate,
n Reaction (13), which is followed by Reaction (14) to regenerate
EA by reacting carbamate with OH−. Reaction (13) is much faster

han Reaction (14) at ambient temperature. However, the reac-
ion rate of Reaction (14) increases significantly and Reaction (13)
ecomes the rate-controlling step at high temperatures in indus-
rial operation conditions [15,18]. Furthermore, the above system is
etter represented by a homogeneous catalysis mechanism at high
emperatures. The rate equation for rDEA can be obtained by using
he same approach for deriving Eq. (7):
rDEA = kDEAcDEA(cCO2 − cCO2,e) (15)

here kDEA are forward rate constant of Reaction (13).
Adding Eq. (7) to Eq. (15) leads to the overall pseudo-first order

ate equation of CO2 with promoted hot potassium carbonate in

(
T
i
i

ournal 145 (2009) 377–384 379

iquid phase:

rCO2 = (kOHcOH− + kDEAcDEA)(cCO2 − cCO2,e)

= k1(cCO2 − cCO2,e) (16)

here k1 is the overall apparent first-order rate constant and
efined as

1 = kOHcOH− + kDEAcDEA (17)

. Model development

The forms of liquid flow in RPB were observed to fall into three
ain types: film flow, pore flow and droplet flow. In Burns’ study,

roplet flow was the main form of liquid flow in RPB when the
otating speed was approximately above 800 rpm (the centrifugal
cceleration is 684 m s−2 based on the arithmetic mean radii of the
PB) [19]. The higher the rotating speed is, the larger the proportion
f liquid flowing in the form of droplets is. In the present study, if
he centrifugal acceleration based on the arithmetic mean radii of
he RPB is above 600 m s−2 (60 g), which is the case in most indus-
rial applications, it could be regarded that the RPB reaches higher
ravity level. In this model, it is assumed that the liquid moving in
he RPB at higher gravity level only exists in the form of spheral
roplets.

After assuming that all the liquid flows as spheral droplets,
ass transfer in a single droplet should be analyzed clearly.

arbonate–bicarbonate system is a buffer solution, so the con-
entration of OH− does not change much in these small spheral
roplets, and k1 can be assumed as a constant in a spheral droplet.
ince the conversion of potassium carbonate into potassium bicar-
onate is very low in a small droplet, cCO3

2− and cHCO3
− are also

ssumed as constants in the droplet. Therefore, the equilibrium
oncentration of CO2 could be treated as a constant in a droplet
ccording to Eq. (10). The mass balance of CO2 in a spheral droplet
an be thus expressed as

∂c

∂t
= DL

R2

∂

∂R

(
R2 ∂c

∂R

)
− k1(c − ce) (18)

onsidering CO2 reacts very fast with OH− and DEA, based on the
igh value of k1 at temperatures in this study, it takes very short
ime for the concentration of CO2 in liquid phase to reach steady-
tate. Thus, omitting ∂c/∂t can convert Eq. (18) into an ordinary
ifferential equation:

DL

R2

d
dR

(
R2 dc

dR

)
− k1(c − ce) = 0 (19)

he boundary conditions are(
d

2

)
= c0;

dc

dR

∣∣∣
R=0

= 0 (20)

here c0 is the dissolved CO2 concentration at the gas–liquid inter-
ace.

The solution to Eq. (19) is

= (c0 − ce)
d

2R

sinh(
√

(k1/DL)R)

sinh(
√

(k1/DL)(d/2))
+ ce (21)
Fig. 1 shows the concentration profile of CO2 calculated by Eq.
21) in a spheral droplet with a diameter of 5.4 × 10−5 m at 356 K.
he concentration of CO2 quickly reduces to ce from the gas–liquid
nterface to the inner part of the droplet. Obviously, most of CO2
s consumed in the liquid film close to the interface. Furthermore,
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In this model, the concentration of every component varies only
in the radial direction of the packing, because liquid and gas have
little circumferential motion [18]. Liquid motion in RPB hardly has
back mixing [25], so the liquid radial flow is close to plug flow. Since
Fig. 1. Concentration profile of CO2 in a spheral droplet.

iquid-side mass transfer coefficient (kL) can be calculated from the
ollowing equation:

kL(c0 − ce) = DL
dc

dR

∣∣∣
R=d/2

(22)

herefore, kL is written as

L = DL

( √
k1/DL

tanh((
√

k1/DL(d/2)) − (2/D))

)
(23)

Previous study reported that the gas flow in RPB is akin to that
n conventional packed beds [20] and the values of gas-side mass
ransfer coefficient (kG) in RPB lie in a range similar to those in
onventional packed beds [21]. Hence, kG in RPB can be estimated
y the equation proposed by Onda et al. [22]:

kGRT

atDG
= 2ReG

0.7Sc1/3
g (atdp)−2.0 (24)

The overall gas–liquid mass transfer coefficient (KG) of RPB can
e determined by the following equation:

1
KG

= 1
kG

+ H

kL
(25)

The liquid holdup in RPB is evaluated by the correlation pro-
osed by Burns et al. [23]:

L = 0.039

(
ω2r

g0

)−0.5(
u

u0

)0.6( 	

	0

)0.22
(26)

here g0 = 100 m s−2, u0 = 1 cm s−1, and �0 = 10−6 m2 s−1.
In the previous work from our group, Zhang [24] took a large

umber of pictures of flowing liquid in RPB by a stroboscope and
uantitatively analyzed the size of droplets. The whole packing
one was divided into two parts: end effect zone (the part of the
acking close to the inner edge of the rotator) and bulk packing zone
the rest zone of the packing). The variation patterns of the droplet
iameter in the two zones were different. The demarcation point
etween end effect zone and bulk packing zone was experimen-

ally observed at about 10 mm from the inner edge of the rotator. In
he inner part of end effect zone, the diameter of droplets was very
mall due to the intense impingement between liquid and the pack-
ng. Because of the smaller flow area in end effect zone, droplets had

ore possibility to coalesce than those in bulk packing zone. The
ournal 145 (2009) 377–384

iameter of droplets in end effect zone grew moderately when liq-
id flowed outward in the packing, and the diameter of droplets
t the inner edge of end effect zone was experimentally found to
e 0.826 d1 [24]. In this model, it is assumed that the diameter
f droplets grows linearly in end effect zone. Thus, the expression
ives:

= (0.826 + 17.4(r − ri))d1, r − ri < 0.01m (27)

n bulk packing zone, the flow area increases as liquid flows
utward, so the possibility of coalescence between droplets is rel-
tively small. Due to the incision of the packing against liquid, the
iameter of droplets decreases with the increase of r. In addition,
uo et al. concluded that liquid flow was independent of gas flow

n RPB from experimental investigation [25]. Therefore, based on
hang’s data, which is referable since the high gravity level in this
tudy lay in the same range as that in Zhang’s and the packing
as also identical, the diameter of droplets in bulk packing zone

s regressed as follows:

= 12.84

(
�

ω2r�

)0.630

u0.201, r − ri ≥ 0.01m (28)

ig. 2 shows the diameter profile of droplets in RPB calculated by
qs. (27) and (28) with the inner radius of the packing as 40 mm and
he outer radius of the packing as 100 mm, which are the parame-
ers of the RPB employed in this study, and the operation conditions
f liquid flow rate of 79.70 L h−1, rotating speed of 900 rpm and
emperature of 356 K.

The absorption rate of CO2 per unit volume is written as

CO2 = KGa(Py − ceH) = KG
6εL

d
(Py − ceH) (29)

Before deriving the mass balance equations, assumptions of the
odel for the RPB in the present study are listed as follows:

1. Steady-state condition prevails.
. The amount of water in gas-phase is neglected.
. The plug-flow condition is applicable to both gas and liquid

phases.
. The pressure drop in the RPB is neglected.
. Isothermal absorption takes place in the RPB.
Fig. 2. The diameter profile of droplets in RPB.
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Table 1
Equilibrium, kinetics and transport parameters.

Parameter Expression Source

H0 H0 = 2.82 × 106 exp
(

− 2044
T

)
[27]

H lg
(

H
H0

)
=
∑

(hi + hG)ci [28]

kOH lg kOH = 13.635 − 2895
T + 0.08I [29]

kDEA ln kDEA = 27.06 − 5284.4
T [18]

DL lg DL = −7.0188 − 586.9729
T [30]

DG DG = 1.8583×10−7T3/2

P�2
CO2 ,N2

˝D

(
1

MCO2
+ 1

MN2

)1/2

[31]

Kw Kw = exp
(

39.555 − 9.879×104

T + 5.6883×107

T2 − 1.4645×1010

T3 + 1.3615×1012

T4

)
[32]

K 79T

K − 1.84

g
d
fl
f
i
a
v
c
t
l
t

a

G

K
R
d

d

d

I
w
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s
m
(

Q

Q

u

4

1 lg K1 = − 3404.7
T + 14.843 − 0.032

2 K2 = exp
(

−294.74 + 3.6439×105

T

as flows inward from the outer edge of the RPB by a pressure-
riving force, it also has little back mixing, which makes gas radial
ow close to plug flow as well. In this one-dimensional mass trans-

er model, the pressure drop in RPB can be neglected because it
s very small compared to the whole pressure [26]. Though the
bsorption reaction of CO2 is exothermic, we can still neglect the
ariation on temperatures of both gas and liquid due to the low
onversion, which was experimentally verified by the small varia-
ion in temperatures between inlet and outlet streams of gas and
iquid. In addition, mass transfer in the casing was neglected due
o the low mass transfer coefficient in that zone [13].

On the basis of the above assumptions, a differential mole bal-
nce in gas-phase for CO2 gives the following equation:

N2 d
(

y

1 − y

)
= NCO2 2
rhdr (30)

In liquid phase, K2CO3 is consumed by chemical reaction and

HCO3 is the reaction product as the solution moves outward in
PB. Hence, when the reaction stoichiometry is taken into account,
ifferential mole balance for K2CO3 and KHCO3 gives:

(QcCO3
2− ) = −NCO2 2
rhdr (31)

b
t
t
c

Fig. 3. Experimental setup for
[33]

16×108

T2 + 4.1579×1010

T3 − 3.5429×1012

T4

)
[32]

(QcHCO3
− ) = 2NCO2 2
rhdr (32)

n order to simplify the calculation, the experimental conditions
ith low conversion of K2CO3 were adopted to verify the model.
nder low conversion of K2CO3, the increase in liquid mass is so
mall that the liquid flow rate (Q) hardly increases as the liquid
oves outward and Q can be assumed as a constant. Eqs. (31) and

32) can be thus simplified as follows:

dcCO3
2− = −NCO2 2
rhdr (33)

dcHCO3
− = 2NCO2 2
rhdr (34)

All the equilibrium, kinetics and transport parameters are tab-
lated in Table 1.

. Numerical solution
The proposed three differential Eqs. (30), (33) and (34) need to
e solved to simulate CO2 removal in RPB by taking into account
he boundary conditions. The flow rate, composition and tempera-
ure of the gas entering the RPB at its outer edge and the flow rate,
oncentration and temperature of the liquid entering the RPB at its

CO2 absorption in RPB.



382 F. Yi et al. / Chemical Engineering Journal 145 (2009) 377–384

Table 2
Specification of the RPB used in this study.

Item RPB

Inner radius of the packing, ri (m) 0.040
Outer radius of the packing, ro (m) 0.100
Axial length of the packing, h (m) 0.031
V
S
V
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3
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a

D
T
9
t

olume of the packing, VB (m3) 8.18 × 10−4

urface area of per unit volume of the dry packing, at (m2 m−3) 870
oidage of the dry packing, ε (m3 m−3) 0.95

nner edge are known in simulation problem. To start the integra-
ion procedure, the composition of the gas exiting the RPB from its
nner edge needs to be estimated. With the help of the estimated
alues, the equations can be integrated by Runge-Kutta method up
o the outer edge of the RPB. Using shooting method, a new value
f CO2 composition in the outlet gas was estimated for the further
teration until satisfactory convergence was obtained. A MATLAB
rogram was used to solve the model equations.

. Experimental

Fig. 3 depicts the experimental apparatus for CO2 absorption,
nd the specification of the RPB is given in Table 2. Stainless wire
esh was used as the packing. Before the gas and liquid entered the

PB, they were preheated to the same temperature. The nitrogen
as stream containing CO2 flowed inward from the outer edge of
he RPB by a pressure-driving force and the aqueous absorbent was
prayed through 10 holes in the liquid distributor at the center of
PB. These 10 holes, directly facing the packing, are arranged in a
ertical group of 5 and the groups are spaced 180◦ apart. The aque-
us absorbent moved outward and left from the outer edge of the
PB through a centrifugal force. Gas and liquid streams contacted
ounter currently in the RPB and CO2 in the gas stream was dis-
olved and reacted with the absorbent in the liquid stream before
he gas and liquid streams left the RPB from gas outlet and liquid
utlet, respectively.

In the present study, the pressure of inlet gas was maintained at
.40 MPa. Temperature of the inlet liquid and gas streams ranged
rom 356 to 375 K. The mass fraction of K2CO3 and DEA in the

nlet aqueous absorbent was 27% and 4%, respectively. In order
o maintain higher gravity level, the rotating speed varied from
00 to 1300 rpm, providing a centrifugal acceleration from 622
o 1298 m s−2 based on the arithmetic mean radii of RPB. For

Fig. 4. CO2 concentration in outlet gas versus time.
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Fig. 5. Diagonal graph of experimental and predicted yo.

ll the runs, a steady-state operation was reached within 5 min.
ig. 4 shows dynamic variation of CO2 concentration in outlet
as in an experiment under the operation conditions of rotating
peed of 1300 rpm, liquid flow rate of 79.70 L h−1, gas flow rate
f 0.481 mol min−1, inlet CO2 concentration of 4.10 mol% and tem-
erature of 356 K. The CO2 concentrations in the inlet and outlet
as streams were measured by two infrared gas analyzers (GXH-
010F, Huayun Analytical Instrument Institution, CO2 mole fraction
anged from 0% to 10%). The concentrations of K2CO3 and KHCO3
n the outlet liquid stream were determined by pH potentiometric
itration method. Sulfuric acid standard solution was used as the
cid solution.

DEA was purchased from Tianjin Kernel Chemical Reagents
evelopment Center, and potassium carbonate was purchased from
ianjin Ruijinte Chemicals Co. Ltd. These chemicals have a purity of
9.9% and were used in the experiments without further purifica-
ion. Both CO2 and N2 with a purity of 99.9% were bought from
aqing Xuelong Co.

. Model validation

Fig. 5 is the diagonal plot of the predicted and experimental
alues of CO2 composition in the outlet gas. It can be found that
his model offers relatively precise predictions on CO2 removal in
PB, with a deviation within 10% compared to the experimental
alues.

. Results and discussion

.1. Effect of liquid flow rate

Fig. 6 shows the dependence of gas-phase volumetric mass
ransfer coefficient (KGa) on the liquid flow rate under the oper-
tion conditions of rotating speed of 1300 rpm, gas flow rate of
.481 mol min−1, inlet CO2 concentration of 4.10 mol% and temper-

ture of 356 K. It is seen that KGa increased with an increase in liquid
ow rate from 44.28 to 79.70 L h−1. An increase in liquid flow rate

ncreased kL, which means that the liquid-side mass transfer resis-
ance reduced. Besides, a larger liquid flow rate caused an increase
n liquid holdup, providing more gas–liquid contact area. Both of
he factors led to the increase of KGa.
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calculated from the experimental data of thinner packing thick-
ness was much higher. The same phenomena were also observed
Fig. 6. Effect of the liquid flow rate on KGa in RPB.

.2. Effect of gas flow rate

Fig. 7 shows the dependence of KGa on the gas flow rate under
he operation conditions of rotating speed of 1000 rpm, liquid flow
ate of 61.99 L h−1, inlet CO2 concentration of 2.90 mol% and tem-
erature of 356 K. It is seen that KGa increased with an increase in
as flow rate from 0.690 to 0.920 mol min−1. Increasing gas flow
ate could reduce the gas-side mass transfer resistance, resulting
n an increase in KGa.

.3. Effect of rotating speed

Fig. 8 shows the dependence of KGa on the rotating speed under
he operation conditions of liquid flow rate of 44.28 L h−1, gas flow
ate of 0.481 mol min−1, inlet CO2 concentration of 4.10 mol% and
emperature of 356 K. It is seen that KGa increased with an increase
n rotating speed in the range from 900 to 1300 rpm. With an
ncrease in rotating speed, the diameter of spheral droplets at vari-
us r* decreased, which led to a slight reduction in kL. However, the
as–liquid contact area increased due to the smaller d, so it could

ompensate the loss in kL and cause a larger KGa at higher rotating
peed.

Fig. 7. Effect of the gas flow rate on KGa in RPB.

i
K

Fig. 8. Effect of the rotating speed on KGa in RPB.

.4. Effect of the temperature

Fig. 9 shows the dependence of KGa on temperature under the
peration conditions of rotating speed of 1300 rpm, liquid flow
ate of 70.84 L h−1, gas flow rate of 0.481 mol min−1 and inlet CO2
oncentration of 4.50 mol%. It is seen that KGa increased with an
ncrease in temperature from 356 to 375 K. According to the Arrhe-
ius expression of reaction rate constant, a higher temperature

ncreased kOH and kDEA, resulting in a higher k1. On the other hand,
higher temperature reduced the solubility of CO2 in absorbent

olution, which was illustrated by an increasing H. However, the
ncrease in kL due to a higher k1 overshadowed the increase in H,
eading to a larger KGa at higher temperature.

.5. End effect

Guo [13] discovered that there was an apparent end effect in
physical absorption process in RPB. In his experiment, the inner

adius of the packing was kept unchanged, and the outer radius
f the packing was varied, and the mean mass transfer coefficient
n Chen’s study [14]. It is seen from Figs. 6–9 that the local values of
Ga in end effect zone were much higher than those in bulk pack-

Fig. 9. Effect of the temperature on KGa in RPB.
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ng zone, which demonstrates that end effect is obvious in RPB.
n end effect zone, the circumferential velocity of the inlet liquid
as zero before the liquid hit the packing, while the circumferen-

ial velocity of the inner edge of the packing was between 3.8 and
.4 m s−1 when the rotating speed ranged from 900 to 1300 rpm in
his study. Such a large relative circumferential velocity between
he liquid and the packing causes intense impingement between
hem. Since the impingement leads to the formation of very small
roplets and the liquid hold-up is relatively high in end effect zone,
normous interfacial areas are generated. Additionally, values of kL
nd kG are also relatively high in this zone. All these factors result
n high values of KGa in end effect zone, which means that strong

ass transfer happens in this zone.

. Conclusion

A model was developed to simulate gas–liquid mass transfer
rocess with reactions in RPB operated at higher gravity level in
his work. This model quantitatively described the process of CO2
emoval by DEA-promoted hot potassium carbonate in RPB. The
redicted values of yo agreed well with the results from experi-
ents at various liquid flow rates, gas flow rate, rotating speeds

nd temperatures. In addition, the profile of KGa along the radial
irection of the packing was calculated and values of KGa decreased
harply from end effect zone to bulk packing zone. The model pro-
les theoretically revealed end effect in RPB, which means that RPB
as much better mass transfer efficiency in the inlet region of the
acking. Additionally, the effects of various operation parameters
n the mass transfer efficiency in RPB at higher gravity level were
redicted reasonably by this model. Furthermore, this model can
e potentially used to simulate the removal of CO2 in RPB using
ther aqueous absorbents.
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