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A novel mass-transfer intensified approach for CO2 capture with ionic liquids (ILs) using rotating packed bed (RPB) re-
actor was presented. This new approach combined the advantages of RPB as a high mass-transfer intensification device
for viscous system and IL as a novel, environmentally benign CO2 capture media with high thermal stability and
extremely low volatility. Amino-functionalized IL (2-hydroxyethyl)-trimethyl-ammonium (S)22-pyrrolidinecarboxylic
acid salt ([Choline][Pro]) was synthesized to perform experimental examination of CO2 capture by chemical absorption.
In RPB, it took only 0.2 s to reach 0.2 mol CO2/mol IL at 293 K, indicating that RPB was kinetically favorable to
absorption of CO2 in IL because of its efficient mass-transfer intensification. The effects of operation parameters on
CO2 removal efficiency and IL absorbent capacity were studied. In addition, a model based on penetration theory was
proposed to explore the mechanism of gas–liquid mass transfer of ILs system in RPB. VC 2013 American Institute of

Chemical Engineers AIChE J, 59: 2957–2965, 2013
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Introduction

CO2 concentration in the atmosphere associated with
energy use has increased by a third over preindustrial levels,
from about 280 to 385 ppm,1 which is main part of the cause
of global warming over the past century. With the consider-
able increase in consumption and demand for fossil fuels,
CO2 will continue to be greatly discharged to the atmos-
phere, further adding to the global warming.2,3 Recent esti-
mates by the Intergovernmental Panel on Climate Change
indicate that deep reduction from current CO2 emission will
be required by midcentury if we are to stabilize atmospheric
CO2 concentration to limit predicted global average tempera-
ture rise.4,5

Carbon capture and storage (CCS) technologies are a
promising route to achieve a meaningful reduction in CO2

emissions in the near-term.5 In a positive scenario, the use
of CCS technologies in the power plants would result in a
total of 5.1–10.4 Gt of CO2 being captured.6 It is accepted
that the challenges associated with the transport and storage
of such large quantities of CO2 are nontrivial, but not insur-
mountable. However, the cost of CO2 capture will account
for more than 80% of the total CCS cost in current analysis,
which remains to be a problem.7 Therefore, it is important to
select optimal methods of CO2 capture in terms of their
capital and operation cost. A wide range of approaches,
including cryogenic distillation,8 membrane purification,9,10

absorption,11,12 and pressure-swing adsorption,13–15 have
been proposed to capture CO2. Among these approaches,
amine scrubbing is the current state-of-art technology for
CO2 capture at an industrial scale. Although amines, in
particular aqueous solutions of monoethanolamine (MEA),
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are effective in capturing CO2, they suffer from several
disadvantages. First of all, when MEA is applied to CO2

capture in conventional absorber/stripper systems in power
plants, the energy consumption is considerable. Improved
solvents and process configurations are expected to reduce
the cost of CO2 capture by MEA scrubbing to 30–40 US
$/ton CO2, but it is still a big challenge to meet the accepta-
ble cost (DOE target< 20 $/ton CO2).7,16 The uptake of the
corrosive amine into the gas stream causes serious corrosion
in the process infrastructure. The loss of volatile amine
necessitates the periodic injection of fresh solution.17

Furthermore, the thermal instability of both the solvent and
the carbonate leads to decomposition, which can cause
secondary pollution if there is insufficient containment.18

Therefore, it is urgent to develop novel and cost-effective
solvents that can facilitate the sequestration of CO2 from the
flue gas without concurrent loss of the capture agent into the
gas stream. Lots of alternative solvents have been explored
to verify the feasibility for commercial deployment.19–21

Recently, ionic liquids (ILs) provide a promising new
option for CO2 capture.22–28 Much of this interest stems
from several interesting properties of ILs: high thermal sta-
bility, extremely low volatility, good solubility of CO2, and
the ability to manipulate solvent properties through ion
selection.29–33 Intensive efforts have been directed toward
the development of ILs because of their numerous advan-
tages. Davis and coworkers reported the first example of the
chemical absorption of CO2 that used an amino-functional-
ized task-specific IL.34 Their results showed that 0.5 molar
CO2 could be captured per molar IL with a gravimetric
capacity of about 7% for 3 h under ambient pressure. Subse-
quently, a number of research groups have studied other
amino-functionalized ILs for CO2 capture.35,36 While cur-
rently available ILs display CO2 solubilities that are approxi-
mately the same as molecular organic solvents, the potential
for improving these values through modification of the ions
making up the solvent promises exciting opportunities for
future improvements.30,37 However, the technical impedi-
ment of ILs practical applications is also attracting lots of
attention. Usually, most of ILs have enormous viscosities
and lack of fluidities, thus, greatly affecting their large-scale
application and long-term commercial viability.34,36,38 In par-
ticular, it is hard to achieve practical CO2 capture applica-
tions in conventionally industrial reactors owing to the great
mass-transfer resistance and low gas–liquid mass-transfer
rate in such high-viscous ILs. Therefore, it is significant to
develop a new technology with high mass-transfer efficiency
for such high viscous systems and gain the acceptance from
an industrial viewpoint.

Rotating packed bed (RPB), also known as Higee (High
gravity), has been used as a good gas–liquid contactor or
reactor for the applications of reactive precipitation, distilla-
tion, stripping, and so forth.39–45 RPB is designed to generate
high acceleration via centrifugal force, leading to the forma-
tion of thin liquid films and tiny liquid droplets, which could
enhance the mass transfer between gas and liquid.46,47 It is
reported that the mass-transfer coefficient in the RPB is at
least one to two order of magnitude higher than that in the
conventional packed tower.48,49 Moreover, a structured
packing in RPB is specifically designed to have both a large
gas–liquid interfacial area and a low pressure drop.50 Both
of these characteristics reduce the amount of packing
required and, thus, minimize the size of the equipment.
Handling of high viscous systems in RPB has been reported

in our previous work.51 The volatile organic compound was
successfully removed from high viscous syrup by RPB. Its
removal efficiency was increased by about 67% compared to
a flash tank devolatilizer.52 Therefore, we believe that RPB
is an ideal candidate to intensify the mass transfer in the
high viscous systems.

To overcome the hurdle of ILs as CO2 capture media for
industrial application, an innovate approach is proposed here
for large-scale CO2 capture. This hybrid approach combines
the advantage of RPB as a high effective reactor and ILs as
novel, environmentally benign CO2 capture media with high
thermal stability and extremely low volatility. Amino-
functionalized IL (2-hydroxyethyl)-trimethyl-ammonium
(S)22-pyrrolidinecarboxylic acid salt ([Choline][Pro]) is
adopted to validate the feasibility and efficiency of this
approach. The effects of temperature, RPB rotating speed,
gas flow rate, liquid flow rate, and CO2 content in gas
mixture on CO2 removal efficiency and absorbent capacity
are studied. The absorption/desorption process is repeated for
several cycles to investigate the regeneration ability of the
IL. In addition, a model based on penetration theory is pro-
posed to describe the mechanism of gas–liquid mass transfer
of ILs system in the RPB. Further optimization is provided
for the process based on the model.

Experimental

IL synthesis and experimental apparatus

Amino-functionalized IL (2-hydroxyethyl)-trimethyl-am-
monium (S)22-pyrrolidinecarboxylic acid salt ([Choline]
[Pro]) is synthesized to perform experimental measurement.
It was reported that the IL could absorb as high as 10 wt %
CO2 at room temperature and ambient pressure. The proce-
dure to synthesize the IL [Choline][Pro] was based on
the method reported by Han and coworkers,53 which is
schematically illustrated in Figure 1. The IL is obtained by
neutralization of choline hydroxide and L-proline and is a
light-yellow oil at room temperature. Choline hydroxide
solution (ca. 45% molar in methanol) was supplied by
Aldrich. L-Proline (99%) was produced by Chinese National
Medicine. The chemicals were used as received. The IL was
dried under vacuum at 343 K for 48 h before use, and it was
collected after experiment and reconditioned for further use.
The water content in the IL was less than 0.1 wt %, as meas-
ured by Karl Fischer analysis. N2 with a purity of 99.99%
and the gas mixture with CO2 molar fraction of 10 and 20%
were purchased from Beijing Ruyuanruquan Technology,
China.

The experimental set-up for CO2 absorption is schemati-
cally shown in Figure 2. The RPB contactor mainly consists
of a mesh packing, a liquid inlet, a gas inlet, a liquid outlet,
and a gas outlet (see Figure 3). The inner and outer diame-
ters of the rotator are 20 and 60 mm, respectively, and the
axial length of the rotator is 20 mm. The bed is packed with
stainless wire mesh with porosity and surface area of 0.90
and 850 m2/m3, respectively. The packing consists of 11

Figure 1. Schematic illustration to synthesize the IL
[Choline][Pro].
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layers. The rotator is installed inside the fixed casing. The
inner diameter of the gas pipeline is 12.0 mm. The inner di-
ameter of the liquid pipeline between the liquid storage and
the liquid inlet is 5.0 mm. The inner diameter of the liquid
pipeline linked with the liquid outlet is 9.0 mm. All the pipe-
lines and equipments are swept by nitrogen prior to use to
remove the moisture and air.

CO2 absorption measurement

During the process, the mixture gas flowed inward from
the outer edge of the RPB by a pressure driving force, and
the absorbent was pumped from the storage tank to the inner
edge of the RPB via three holes (the diameter: 0.5 mm) of
the distributor. The velocity of the absorbent solution was
observed to be high enough to avoid the entrainment in the
discharged gas stream. The absorbent moved outward and
left from the outer edge of the RPB via a centrifugal force.
Both gas and liquid streams contacted countercurrently in
the RPB, in which CO2 in the gas stream was dissolved and
reacted with the absorbent in the liquid stream. The gas

leaving the RPB was discharged from the gas outlet of the
RPB, whereas the CO2-rich absorbent was discharged from
the liquid outlet of the RPB. After the IL samples absorbed
CO2, they were readily regenerated in a rotary evaporator at
338 K for 3 h, and the working vacuum degree was 0.003
MPa. The regenerated IL was repeatedly used for further
absorption experiments. The CO2 contents in the outlet gas
streams were measured by an infrared gas analyzer (GXH-
3010F, Huayun Analytical Instrument Institution, China,
CO2 molar fraction ranging from 0 to 20%). The gas tight-
ness was carefully checked to ensure no leakage of the gas
before each experiment. The CO2 removal efficiency g can
be calculated from the following equation

g5 12
YCO2;out

12YCO2;out

� �
12YCO2;in

YCO2;in

� �� �
3100% (1)

In this study, the pressure of inlet gas was maintained at
0.1 MPa. The pressure drop from the inlet to the outlet was
always lower than 3 kPa, which could be ignored. To main-
tain high gravity level, the rotating speed was varied from
1469 to 3842 rpm. All the data were obtained until a steady-
state operation was maintained for 2 min.

Results and Discussion

For effective capture of CO2, the scrubbing approach must
have the following features: (1) high CO2 removal effi-
ciency, (2) large absorbent capacity, (3) fast absorption
kinetics, and (4) easy regeneration for absorbent.

CO2 removal efficiency and absorbent capacity

The CO2 removal efficiency and absorbent capacity will
be discussed first. Figures 4 and 5 exhibit the evolution of
CO2 removal efficiency and absorbent capacity with liquid
flow rate and gas flow rate. The influence of liquid flow rate
has been investigated at two typical RPB rotating speeds
(2825 and 1808 rpm). An increase of liquid flow rate or gas
flow rate not only reduces liquid-side or gas-side mass-trans-
fer resistance that could enhance mass transfer but also
changes the gas–liquid ratio in RPB, thereby affecting the

Figure 2. Scheme of experimental set-up. (1) Gas
cylinder of N2, (2) gas cylinder of N2 and CO2

gas mixture, (4) gas inlet, (5) gas outlet, (6)
gas flowmeter, (7) IR gas analyzer, (8) liquid
storage, (9) pump, (10) liquid inlet, and (11)
liquid outlet.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 3. Schematic diagram of RPB for CO2 absorp-
tion. (1) Liquid inlet, (2) gas outlet, (3) gas
inlet, (4) liquid outlet, (5) liquid distributor,
and (6) mesh packing.

Figure 4. Effect of liquid flow rate on CO2 removal
efficiency and absorbent capacity in RPB.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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gas–liquid contact state. Obviously, the removal efficiency
maintains a value of higher than 90% as the liquid flow rate
is about 45 mL/min, and the gas flow rate is about 6.5 L/
min (at the rotating speed of 2825 rpm). Meanwhile, the ab-
sorbent capacity could also maintain a high level for 10%
CO2 content (24 kg CO2/m3 IL). This is ascribed to the fact
that an even distribution of the liquid on the packing could
be formed, and a steady effective gas–liquid mass-transfer
interface for favorable gas–liquid contact could be, thus,
achieved. Besides, with the increase of CO2 content from 10
to 20% (see Figure 4b), the absorbent capacity varies from
24 kg CO2/m3 IL to as high as 43 kg CO2/m3 IL, while the
CO2 removal efficiency decreases from 92 to 87%. The
increase of the CO2 content could enhance the absorbent
capacity, but it is difficult to remove more CO2 from the gas
stream with a higher CO2 content within the same contact
time as compared to the gas stream with a lower CO2 con-
tent. Therefore, the CO2 removal efficiency decreases
slightly with the increased CO2 content from 10 to 20%.

Figure 6 shows the effect of rotating speed on CO2

removal efficiency and absorbent capacity. It can be clearly
seen that CO2 removal efficiency obviously increases with
an increase in the rotating speed ranging from 1100 to 3000
rpm. Vigorous impingement between liquid and packing is
achieved with an increase in rotating speed, thereby resulting
in a better gas–liquid mass-transfer effect. However, when
the rotating speed is further increased, a reverse effect on
CO2 removal efficiency is observed. The possible reason is
that the extent of reduction in mass-transfer resistance at a
higher rotating speed is compensated by a reduction of the
retention time, which is unfavorable to chemical absorption.
Furthermore, the trend line of absorbent capacity is similar
compared to the trend line of CO2 removal efficiency. The
phenomenon indicates that the rotating speed of 2825 rpm is
optimal for our device.

Figure 7 depicts the effect of temperature on the CO2

removal efficiency and absorbent capacity. With the increase
of temperature from 293 to 305 K, CO2 removal efficiency
almost keeps unchanged. However, when the temperature is
further increased to 343 K, CO2 removal efficiency declines
dramatically from 93 to 52%. The variation of absorbent
capacity is similar to that of removal efficiency. The possible
reason is that the increase of temperature would lower the
viscosity of IL, leading to the enhancement of CO2 diffusion
in the IL. However, high temperature gives rise to the
decrease of reaction equilibrium constant and Henry’s law
constant for CO2 absorption, which are dominating factors in
the absorption of CO2 in the IL. Consequently, it is neces-
sary to avoid high temperature for the achievement of high
removal efficiencies and absorbent capacities.

Absorption kinetics and regeneration for absorbent

The investigation of CO2 absorption experiment in a con-
ventional bubble vessel was previously reported.53 The IL
was put in a stainless steel cell (6 mL) at 323 K, and CO2 of
ambient pressure was bubbled through the IL. The conditions
of the absorption experiments in RPB and bubble vessel are
not consistent, for example, the gas residence time in the
bubble vessel is six times higher than that in the RPB, and
the temperature in the bubble vessel is higher. In general,

Figure 5. Effect of gas flow rate on CO2 removal
efficiency and absorbent capacity in RPB.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 6. Effect of rotating speed on CO2 removal effi-
ciency and absorbent capacity in RPB.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 7. Effect of temperature on CO2 removal effi-
ciency and absorbent capacity in RPB.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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the condition in the bubble vessel is more favorable for gas–
liquid mass transfer because longer gas residence time means
more gas–liquid contact time to achieve mass transfer and
higher temperature means lower viscosity. But the absorption
of CO2 was found to be very slow in bubble vessel. The
times required to approach 0.2 mol CO2/mol IL and 0.6 mol
CO2/mol IL were 30 and 240 min, respectively. In RPB, the
CO2 absorption kinetics has been found to be very fast. It
took only 0.2 s (calculated by our model) to reach 0.2 mol
CO2/mol IL at 293 K, indicating that RPB was kinetically
favorable to the absorption of CO2 in IL because of its effi-
cient mass-transfer intensification.

To investigate the recycle performance of this IL, CO2

absorption/desorption experiments were carried out for sev-
eral cycles. Figure 8 shows the CO2 removal efficiency of
the IL in each cycle. The IL could be used for several times
by consecutive absorption/desorption cycles with indetect-
able losses of performances in RPB, which indicates that the
CO2 removal process is reversible.

Model Development

A model is built to describe the mechanism of gas–liquid
mass transfer between CO2 and IL in the RPB.

Reaction of CO2 and monoamine-functionalized IL

In the literatures,53,54 two reaction mechanisms were pro-
posed to explain the [Pro]-anion IL that chemically reacts
with CO2. The reaction of the [Pro]-anion IL with CO2

through 1:1 mechanism has been confirmed by the spectral
analysis in the report of Notre Dame.54 So this mechanism is
adopted in our work, which is shown as followed

RNH 1CO2 $
k1;IL;K1

RNCOO 21H1 (2)

where k1,IL is reaction rate constant of reaction 2, and K1 is
equilibrium constant of reaction 2. RNH represents the mon-
oamine-functionalized IL, RNCOO2 represents the carba-
mated monoamine-functionalized IL. Reaction 2 is a fast
reaction. The overall reaction rate of CO2 in monoamine-
functionalized IL can be expressed in terms of reversible
reactions, given by the generally accepted expression

rov 5k1;IL cRNH cCO 2
2

k1;IL

K1

cH1 cRNCOO 2 (3)

When a chemical equilibrium is reached for reaction 2,
the equilibrium equation can be expressed as

k1;IL cRNH ;eq cCO 2;eq 5
k1;IL

K1

cH1 ;eq cRNCOO 2;eq (4)

where cCO2;e q is the equilibrium concentration of CO2. The
reaction rate for the reverse reaction can be evaluated by
considering equilibrium condition. It is generally true even
when the system is not at equilibrium.55 The net forward
rate of the reaction can be deduced from Eq. 4.

rov 5k1;IL cRNH cCO 2
2k1;IL cRNH ;eq cCO 2;eq (5)

Using k1;IL cRNH cCO 2
2k1;IL cRNH cCO 2;eq to substitute

k1;IL cRNH cCO 2
2k1;IL cRNH ;eq cCO 2;eq will not effect the calcu-

lation of rov , because k1;IL cRNH cCO 2
is determined in rov

(cRNH is larger than cRNH ;eq and cCO 2
is much large than

cCO 2;eq ). So Eq. 5 could be rewritten as

rov5k1;ILcRNHcCO2
2k1;ILcRNHcCO2;eq5k1;ILcRNH cCO2

2cCO2;eq

� �
(6)

where cCO2;eq can be calculated from reaction 1, and written
as

cCO 2;eq 5
cH1;eq cRNCOO 2;eq

K1cRNH;eq

(7)

The overall balance for monoamine-functionalized IL is

cRNH;total 5cRNH 1cRNCOO 2 (8)

From Eq. 6, the overall reaction rate constant kov is given
by the following expression

kov 5k1;IL cRNH (9)

Modeling of the CO2 absorption in RPB

Before establishing a model for the absorption process, the
following assumptions are adopted:

1. According to the study of Basic and Ramshaw and
Guo Kai, the liquid flow in RPB has been assumed to
be laminar film flow. Majorities of the liquid in the
RPB exist in the form of liquid film, where the mass
transfer takes place.46,56 The surface areas of packing
are regarded as the gas–liquid effective interfacial area.

2. The rotor in RPB consists of 11 layers of packing. Liq-
uid films are renewed every time it passes through one
layer of packing. Figure 9 illustrates the sketch of the
wire-mesh packing. The mean lifetime of liquid film in
each layer is the same and determined by both liquid
residence time and total number of packing layers.

cRNH and cRNCOO 2 can be assumed as a constant at fixed
temperature in each liquid film. Consequently, the equilib-
rium concentration of CO2 can be treated as a constant. kov

can also be assumed as a constant. The partial different
equation describing the diffusion of CO2 into liquid film
accompanied by the pseudo-first-order reversible chemical
reaction is

@cCO 2

@t
5DCO 2

@2cCO 2

@x2
2kov cCO 2

2cCO 2;eq

� �
; 0 < x <1;

t > 0 B:C: cCO 2
0; tð Þ5cCO 2;0; cCO 2

1; tð Þ � cCO 2;eq

(10)

Figure 8. Five cycles of CO2 absorption/desorption in
[Choline][Pro] in RPB.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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cCO 2;0, determined by pYCO 2;i

� �
= HCO2
ð Þ, is the concentra-

tion at the gas–liquid interface. Although cCO 2;0 is mutative
in the packing, it can be regarded as a constant in one layer
of the packing (see Figure 9). cCO 2;eq is the equilibrium con-
centration of CO2 in the reaction.

Letting cA5cCO 2
2cCO 2;eq and using Laplace transform,

we obtain an ordinary differential equation.

DCO 2

d2~cA

d~x2
2 s1kovð Þ~cA50

B:C: ~cA 0; sð Þ5 cCO 2
2cCO 2;eq

s
; ~cA 1; sð Þ � 0

(11)

The solution to Eq. 11 is

~cA x; sð Þ5 cCO 2;02cCO 2;eq

s
exp 2x

ffiffiffiffiffiffiffiffiffiffiffiffiffi
s1kov

DCO 2

s !
(12)

Using Laplace inverse transform, we obtain an analytical
expression for the concentration distribution of CO2 as a
function of time and depth in the liquid film.

cCO2
5

cCO2;02cCO2;eq

s
exp 2x

ffiffiffiffiffiffiffiffiffiffi
kov

DCO2

s !
erfc

x

2
ffiffiffiffiffiffiffiffiffiffiffiffi
DCO2

t
p 2kov

 !
1

cCO2;02cCO2;eq

s
exp x

ffiffiffiffiffiffiffiffiffiffi
kov

DCO2

s !
erfc

x

2
ffiffiffiffiffiffiffiffiffiffiffiffi
DCO2

t
p 1kov

 !
1cCO2;eq

(13)

where erfc(x) is the excess error function. The mass-transfer
rate at the gas–liquid interface is calculated by the first Fick
law, given by

RCO 2
52DCO 2

@cCO 2

@x
jx505 cCO 2

2cCO 2;eq

� �
3ffiffiffiffiffiffiffiffiffi

Dco2

p
pt exp 2kov tð Þ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kov DCO 2

p
erf

ffiffiffiffiffiffiffiffi
kov t
p� �� � (14)

where erf(x) is the error function. The liquid film is renewed,
when it passes through the packing layer and the renewal
frequency is determined by47

S5u
Ns

R12R2

(15)

where Ns is the number of layers of the wire-meshed pack-
ing, 11 in our study, while R2 and R1 are outer and inner
radii of the packing, respectively. The u is the average radial
flow rate of the liquid film.

u50:0217L0:2279 x2R
� �0:5448

(16)

where L is liquid flux. Then, the mean lifetime of the liquid
film could be described as follows

�t5
1

S
(17)

According to the assumption that the lifetime of the liquid
film on each packing layer is the same, the Higbie age distri-
bution function of mass transfer in the liquid film is, thus,
defined as

w tð Þ5 1

�t
; 0 < t <�t (18)

From Eqs. 14 and 18, the expression of the time-averaged
mass-transfer rate of CO2 per unit interfacial area can be
written as

�NCO 2
5

ð�t
0

RCO 2
3w tð Þdt5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kov DCO 2

p
�t

3 �terf
ffiffiffiffiffiffiffiffi
kov �t
p� �

1

ffiffiffiffiffiffiffiffiffi
�t

pkov

r
exp 2kov �tð Þ1 1

2kov

erf
ffiffiffiffiffiffiffiffi
kov �t

p	 
� �
3

cCO 2;02cCO 2;eq

� �
(19)

where Eq. 19 can also be written as the following one,
including the liquid side mass-transfer coefficient (kL)

�NCO 2
5kL cCO 2;02cCO 2;eq

� �L
(20)

kL5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kov DCO 2

p
�t

3 �terf
ffiffiffiffiffiffiffiffi
kov �t

p	 

1

ffiffiffiffiffiffiffiffiffi
�t

pkov

s
exp 2kov �tð Þ

"

1
1

2kov

erf
ffiffiffiffiffiffiffiffi
kov �t

p	 
� (21)

Based on the study of absorption of CO2 in MDEA by
Qian, cCO 2;0 is at least three order of magnitude higher than
cCO 2;eq , so cCO 2;eq can be ignored in the calculation process
of �NCO 2

in Eq. 20.57

The surface areas of the packing are regarded as the gas–
liquid effective interfacial area. The CO2 content in the mix-
ture gas leaving this layer of the packing can be calculated
as follows

YCO 2;i115
GYCO 2;i2

�NCO 2
VtatVm

G2 �NCO 2
VtatVm

(22)

where �NCO 2
is the mass-transfer rate of CO2 per unit interfa-

cial area, whereas Vt is the volume of the packing, and at is
the specific area of the packing. Vtat is used to calculate the
gas–liquid interfacial area in the layer of the RPB, and
�NCO 2

VtatVm is used to approximately calculate the absorp-
tion rate of CO2 in the packing.

As the CO2 concentration at the inner edge, where the
mixture gas enters the RPB, is known, we could compute

Figure 9. Sketch of a wire-mesh packing.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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the CO2 concentration layer by layer until the gas outlet by
Eqs. 10–22. Then, the CO2 removal efficiency g is obtained.

The physical properties of [Choline][Pro] are presented in
Table 1. The viscosity was measured by a viscometer

(Haake-rs-150) in this work. This IL is proved to be a New-
tonian fluid with various viscosities dependent on tempera-
ture. The density is taken from the data reported by Han and
coworkers.58 The diffusion coefficient of CO2 in [Choline][-
Pro] is estimated based on the report of Shiflett and Yoko-
zeki using the Stokes–Einstein equation.25 The Henry’s law
constant is estimated from the data reported by Liu and co-
workers.24 The glass transition temperature and melting tem-
perature were measured by a differential scanning
calorimeter from Mettler Toledo (model DSC822e). The the-
oretical CO2 absorbent capacity of the IL is calculated based
on the 1:1 reaction mechanism. The physical absorption of
CO2 in the IL is ignored, because it is less than 3% of the
overall capacity at 1 bar and 298 K.54 The reaction kinetics
parameter kov is from our experiment data. Figure 10

Table 1. Physical Properties of [Choline][Pro] at 293 K

m (Pa s,
293 K)

D (10211 m2/s,
293 K)

H
(MPa, 293 K)

q
(kg/m3, 293 K)

Tg

(K)
Tm

(K)
C54 (kg CO2/m3

IL, 0.1 MPa)

1.935 1.058 3 1130 202 261 228.1

Figure 10. Flow chart of kinetic parameter calculation.

Table 2. The Obtained Values of kov Parameter at Different

Operating Conditions

Rotating
Speed
(rpm)

Liquid
Flow Rate
(mL/min)

Gas
Flow Rate

(L/min)

CO2

Content
(vol %)

Obtained
kov (105 1/s)

1469 44.2 6.5 10 1.183
1808 44.2 6.5 10 1.362
2147 44.2 6.5 10 1.518
2486 44.2 6.5 10 1.743
2825 44.2 6.5 10 2.028
3164 44.2 6.5 10 1.950
3503 44.2 6.5 10 1.808
3842 44.2 6.5 10 1.625
2825 26.5 6.5 10 1.012
2825 35.4 6.5 10 1.453
2825 44.2 6.5 10 2.028
2825 53.1 6.5 10 2.202
1808 62.0 6.5 10 1.422
1808 70.8 6.5 10 1.570
1808 79.6 6.5 10 1.876
1808 88.5 6.5 10 2.028
2825 44.2 4.4 10 3.031
2825 44.2 5.3 10 2.366
2825 44.2 6.2 10 2.189
2825 44.2 7.1 10 1.823
2825 44.2 8.0 10 1.689
2825 44.2 4.8 20 2.165
2825 44.2 5.8 20 2.255
2825 44.2 6.6 20 1.842
2825 44.2 7.5 20 1.573

Figure 12. Effect of the packing thickness of RPB on
CO2 removal efficiency.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 11. Comparison of predicted and experimental
CO2 removal efficiency.
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illustrates the calculation process of the reaction kinetics pa-
rameter kov . The obtained values of kov parameter at differ-
ent operating conditions are shown in Table 2.

A comparison analysis was performed between the experi-
mental data and the calculated data, and the results are
shown in Figure 11. It can be clearly seen that the predicted
results have a good agreement with the experimental data
with a deviation of 10%. The experimental results well ver-
ify the accuracy of the model.

In a real process, a high absorbent capacity is usually
needed to reduce the cyclic amount of the absorbent and the
consequent cost. Therefore, further intensification of gas–liq-
uid mass transfer in RPB should be considered. In this case,
increasing the packing thickness of RPB, which could
increase the renewal of the liquid film, will be an effective
way. Consequently, the gas flow rate could also be
increased, thereby providing more CO2 for absorption. For
the above-mentioned model, the optimum packing thickness
for RPB can also be predicted. When the liquid flow rate
and the gas flow rate increase to 88.5 mL/min and 30 L/min,
respectively, Figure 12 displays the dependence of CO2 re-
moval efficiency on the packing thickness. When the packing
thickness is enlarged to 6 cm, the CO2 removal efficiency is
predicted to be more than 90%. More importantly, the appa-
rent absorbent capacity will be increased to be as high as 84
kg CO2/m3 IL (0.369 mol CO2/mol IL), which is promising
for real applications.

Conclusions

In summary, we have demonstrated a new approach for
CO2 capture for large-scale industrial application using RPB
as absorber with IL as absorbent. The CO2 absorption effi-
ciency, kinetics, and regeneration of the absorbent were
investigated. The results of our study show that the absorp-
tion rate is very fast in RPB and RPB is kinetically favorable
to the absorption of CO2 in IL. A model based on penetra-
tion theory was built to explore the mechanism of gas–liquid
mass transfer between CO2 and IL system in RPB. Specifi-
cally, the results optimized by our model calculation show
an exceptionally high capacity to capture CO2 at room tem-
perature (0.369 mol CO2/mol IL). This remarkable absorbent
capacity is principally due to the high mass-transfer intensifi-
cation in the RPB.
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Notation

Y = molar fraction of CO2 in gas phase,
D = diffusion coefficient, m2/s
H = Henry’s law constant, MPa

Vm = average gas molar volume, L/mol
Vt = the total volume of the packing, m3

kL = liquid side mass-transfer coefficient, m/s
L = liquid flux, m3/m2 s

Ns = number of layers of the wire-meshed packing
N = time-averaged mass-transfer rate of CO2 per unit

interfacial area, mol/m2 s
P = total pressure of the gas phase, MPa
S = renewal frequency, s21

G = total gas flow rate, L/min
Tg = glass transition temperature, K
Tm = melting temperature, K
C = theoretical CO2 absorbent capacity in the IL, kg

CO2/m3 IL
u = liquid velocity, m/s
c = concentration, mol/m3

R = radius of the packed rotator, m
R1 = radius of the outer packed rotator, m
R2 = radius of the inner packed rotator, m
Rs = rotating speed of the RPB, rpm

s = complex variable
�t = mean lifetime of the liquid film, s

kov = overall pseudo-first-order reaction rate constant, 1/s
k1;Il = reaction rate constant of reaction 1, m3/mol s

K1 = equilibrium constant of reaction 1
K2 = equilibrium constant of reaction 2, m3/mol

Greek letters
g = CO2 removal efficiency
w = angular velocity, rad/s
at = specific area of the packing, m2/m3

u = viscosity, Pa/s
q = density of the IL, kg/m3

Subscripts
CO2 = the data of carbon dioxide

i = the ith layer from the gas inlet
eq = equilibrium

pre = predicted data
exp = experimental data
out = the outlet region of RPB

in = the inlet region of RPB

Abbreviations
RNH = [Choline][Pro]

RNCOO2 = carbamated [Choline][Pro]
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