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The deficiency of mass-transfer properties in ionic liquids (ILs) has become a bottleneck in developing the novel IL-
based CO2 capture processes. In this study, the liquid-side mass-transfer coefficients (kL) were measured systematically
in a stirred cell reactor by the decreasing pressure method at temperatures ranging from 303 to 323 K and over a wide
range of IL concentrations from 0 to 100 wt %. Based on the data of kL, the kinetics of chemical absorption of CO2

with mixed solvents containing 30 wt % monoethanolamine (MEA) and 0–70 wt % ILs were investigated. The kL in IL
systems is influenced not only by the viscosity but also the molecular structures of ILs. The enhancement factors and the
reaction activation energy were quantified. Considering both the mass-transfer rates and the stability of IL in CO2

absorption system, the new IL-based system MEA 1 [bmim][NO3] 1 H2O is recommended. VC 2014 American Institute of

Chemical Engineers AIChE J, 60: 2929–2939, 2014
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Introduction

Carbon dioxide (CO2) emission from burning fossil fuels
is considered as a main contributor for global warming and
climate change. Therefore, the removal of CO2 from gas
streams has been a hot spot, and many researchers are devel-
oping and improving efficient technologies for CO2 absorp-
tion. For gas streams with a high CO2 composition, physical
absorption using physical solvent such as methanol, sulfo-
lane, and propylene carbonate is recommended. Alkanol-
amines including primary, secondary, tertiary, and hindered
amines are the widely used chemical solvents which can
enhance CO2 absorption rate and capacity.1–4 Among the
alkanolamines, aqueous monoethanolamine (MEA) is the
most used absorbent due to its high reaction rate, high
absorption capacity on a weight basis, high thermal stability,
and low cost. However, the MEA process has several draw-
backs such as degradation of amine, corrosion, high energy
consumption during regeneration, and the loss of the amine
into gas stream.

Ionic liquids (ILs), entirely composed of ions, have been
paid much attention and are regarded as attractive solvents
for CO2 capture considering their unique characteristics like
negligible vapor pressure, tunable physicochemical properties
and relatively high CO2 solubility.5–7 Brennecke’s research
group8 first reported that CO2 showed excellent solubility in

IL [bmim][PF6] in 1999, reaching a 0.72 mole fraction at
313 K and 9.3 MPa. Zhang’s research group9 measured the
solubilities of CO2 in a series of conventional imidazolium-
based tetrafluoroborate ILs. However, the absorption per-
formance of conventional ILs still cannot compete with the
present technology due to the lower CO2 absorption
capacity. Incorporating functional groups to the anion or cat-
ion of ILs to form task-specific ionic liquids (TSILs), such
as cation-functionalized ILs,10 anion-functionalized ILs,11,12

dual amino-functionalized ILs,13,14 is another way to
enhance the CO2 absorption capacity. Although TSILs with
amino groups can dramatically increase the CO2 absorption
ability, the synthetic procedures and the purification steps
are usually complex. Therefore, TSILs coupled with high
viscosities and relatively high production costs are also not
cost-competitive with conventional absorbent like MEA. A
new strategy to make ILs being directly applied in the car-
bon capture system is to blend ILs with amines. These mix-
tures retain the desired properties of ILs for CO2 capture but
avoid some inherent drawbacks such as high viscosity,
intractable tars, and high cost.15–17 Replacing certain amount
of water with ILs can reduce the energy consumption in the
solvent regeneration process and decrease the loss of amine
into the gas stream.15,18,19

In a gas–liquid mass-transfer system, studying the kL will
provide important engineering basic data, which is essential
for suitable design and operation of industrial units. The
mass-transfer characteristics in the stirred tank operating
with conventional solvents such as water,20–22 glucose,23 and
glycerol23 have been investigated widely by measuring the
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kL with experiments in the literature. As for the aspect of
ILs, the studies are scant. In our previous works,24–28 the
CO2 bubble behaviors in IL systems have been investigated
experimentally and numerically in a bubble column, which
provided basic transport and fluid dynamics knowledge for
carbon capture system with ILs. The mass-transfer character-
istics of CO2 absorption have also been investigated in a
rotating packed bed contactor using pure IL [bmim][PF6].29

S�anchez et al.30 studied the kinetics of the reaction of CO2

with amino-functionalized IL [apmim][BF4] at 303 and
333 K. Ahmady et al.31 and Lu et al.32 reported the kinetics
of CO2 absorption by the blends of N-methyldiethanolamine
(MDEA) or MEA with IL [bmim][BF4]. However, those ILs,
which were selected in the literature, are unstable and harm-
ful to the environment because of producing the toxic gas
HF.33 The aim of this work is to study the mass-transfer
properties on the promising IL-based carbon capture system,
which we believe have great potential for large-scale
applications.

This study mainly focuses on two respects. In one respect,
the liquid-side mass-transfer coefficient of CO2 in IL-H2O
systems was determined from the fall in pressure, and effects
of several parameters (i.e., different ILs, absorption tempera-
ture, stirrer speed, and IL concentration) on the kL were
evaluated and analyzed. In another respect, based on the data
of kL, the kinetics of the reaction between CO2 and different
MEA-IL-H2O systems were studied. The influence of IL
concentration on kinetic parameters was interpreted. The
enhancement factors owing to the chemical reaction were
quantified. The reaction activation energy of CO2 chemical
absorption into MEA- [bmim][NO3]-H2O system has been
quantified.

Theory

Liquid-side mass-transfer coefficient determination

The mass-transfer coefficient in the liquid phase, which is
necessary for calculating the reaction rate constant, was
obtained from experimental data of CO2 absorption in
IL-H2O systems by the pressure drop method. The overall
mass-transfer flux (N) in the physical absorption process can
be interpreted by Eq. 1, which is the dynamic mass balance
over the gas phase

NCO 2
5

VG

ZRT
2

dPCO 2

dt

� �
5kLA

PCO2

KH

2CCO 2

� �
(1)

where CCO 2
is the absorbed gas concentration in the liquid

bulk, A is the gas–liquid interfacial area, Z is the compressi-
bility factor, KH is Henry’s constant, and VG is the volume
of gas above the liquid in the stirred reactor. Considering the
mass balance of CO2 in the stirred reactor, where CO2 leav-
ing the gas enters the liquid, CCO 2

is obtained from
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Then the partial pressure of CO2 is obtained as follows

P0
CO 2

5 P02PVapor (3)

where P0 is the initial total pressure and PVapor is the vapor
pressure of the solvent before CO2 loading. PCO 2

i.s also
obtained by subtracting the vapor pressure of the solvent.

After the integration of Eq. 1, the liquid-side mass-transfer
coefficient is obtained
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where a5A=VL and the parameter b is given by
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Equation 4 indicates that once the right-hand side of Eq. 4
is obtained, the volumetric mass-transfer coefficient within
the time interval [0, t] can be determined by the linear fitting
method.

CO2 absorption kinetics

Reaction Mechanism. The zwitterion mechanism pro-
posed by Caplow34 and later reintroduced by Danckwerts35

is generally accepted as the reaction mechanism between
CO2 and MEA, which involves the formation of a
“zwitterion”

CO 21MEA k-1
 ��!k1

MEAH 1COO 2 (6)

and the subsequent deprotonation of the zwitterion by a base B

MEAH 1COO 21B�!kB

MEACOO 21 BH 1 (7)

The base B can be MEA, OH2, H2O, CO 22
3 , andHCO 2

3 in
the MEA-IL-H2O system, because there is no chemical reac-
tion between CO2 with conventional IL like [bmim][BF4].31

The reaction of CO2 with MEA can be deduced from Eqs. 6
and 7 by adopting the steady-state principle to the zwitterion

rCO 2
5

k1CMEA CCO 2

11 k21P
kBCB

(8)

In comparison with the reverse reaction in Eq. 6, the
deprotonation process from the zwitterion is almost instanta-
neous and the rate determining procedure is the zwitterion
formation process,2 namely

k21 �
X

kBCB (9)

hence, Eq. 8 can be rewritten into the form

rCO 2
5k1CMEA CCO 2

(10)

Kinetic Parameters Determination. The enhancement
factor E over physical absorption is usually introduced to
reflect the influence of chemical reaction on the absorption
kinetics. Since the excess MEA was added to the reactor, it
is safe to assume that the CO2 concentration in the liquid
bulk is 0. Therefore, the overall mass-transfer flux in the
chemical absorption process can be calculated by Eq. 11

NCO 2
5

VG

ZRT
2

dPCO 2

dt

� �
5EkLA

PCO 2

KH

(11)

after integration
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The enhancement factor is also obtained by the graphic
method, namely calculating the slope of the left-hand side of
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Eq. 12 vs. time. For each experiment of CO2 chemical
absorption into the MEA-IL-H2O system, the conditions
were maintained to ensure that the absorption occurred in
the pseudofirst-order reaction regime which requires

E1 � Ha > 3 (13)

where the Hatta number is

Ha5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2CMEA DCO 2

p
kL

(14)

and E1 is the infinite enhancement factor, defined as

E1511
DMEA CMEA

mDCO 2
CCO 2

(15)

where m is the stoichiometric coefficient, DMEA and DCO 2
are

the diffusivities of MEA and CO2 in the liquid, respectively.
The criterions for different reaction regimes were presented
in Table 1. When the Eq. 13 is satisfied, the reaction is in
the fast reaction regime and the enhancement factor E is
equal to Ha. Then the second-order reaction rate constant k2

can be calculated using Eqs. 12 and 14

k25
EkLð Þ2

CMEADCO 2

(16)

Experimental Section

Materials preparation

CO2 gas was supplied by Beiwen Gas Co. with a
purity� 99.99% and was used without further purification.
MEA (99.5%) was provided by Beijing Chemical Works.
Four different kinds of ILs ([bmim][BF4], [bmim][NO3],
[bmim][N(CN)2], and [omim][BF4]) with a purity of 99.0%
were purchased from Linzhou Keneng Technology Co. The
ILs were dried under vacuum for 48 h 333 K and then kept
in a drying cabinet before used. The water contents of the

ILs after drying were confirmed to be< 200 ppm by Karl-
Fisher titration. Deionized water was boiled to remove the
dissolved gases before utilization.

Experimental apparatus and procedure

Figure 1 presents the schematic diagram of the experimen-
tal apparatus. It mainly consists of a 316-L stainless steel
reactor with a magnetic stirrer, a gas reservoir, a vacuum
pump, a water bath, and two pressure sensors (Rosemount
3051) with an accuracy of 0.15 kPa in the experimental pres-
sure range. The gas reservoir is applied in the present study
in order to preheat the CO2 and control the CO2 flow rates
into the reactor. Both the stirred cell reactor and the gas res-
ervoir allow a maximum pressure of 10 MPa. The tempera-
ture in the reactor is maintained with an uncertainty
of 6 0.1 K using an external water bath which is connected
to the jackets of the reactor and the gas reservoir. Detailed
information about the equipment is presented in Table 2.
Before conducting the experiments, pure water with the simi-
lar volume of the absorbent was added to the reactor due to
its low viscosity. The specific stirrer speed range was
selected to ensure the smooth gas–liquid interface by obser-
vation. Since the viscosities of the different absorbents used
in this study are all greater than that of water. Therefore, the
undisturbed gas–liquid interface was created during the
experiments.

A series of experiments were conducted to study the
mass-transfer characteristics. For each experimental run,
about 20 mL freshly prepared absorbent was placed in the
reactor. The reactor was closed and kept under vacuum (2
kPa) at the operating temperatures to degas the absorbent as
well as to test the gas leak. This procedure lasted for 1 h to
ensure that the temperature equilibrium had been reached.
After that, the vapor pressure of the absorbent was recorded.
Then a certain amount of CO2 was introduced to the gas

Table 1. Criterions for Different Reaction Regimes

Reaction Regime Criterion Description

Instantaneous Ha >> 3 E 5 E1
Fast Ha> 3 E 5 Ha
Intermediate 0.3<Ha< 3 E 5 Ha/tan h(Ha)
Slow Ha< 0.3 E 51

Figure 1. Schematic diagram of the experimental apparatus.

Table 2. Dimensions of the Experimental Apparatus

Parameters Value Unit
Inner Diameter of Reactor 4 cm
Height of Reactor 8 cm
Total Volume of Reactor 1

Gas Pipeline
105 mL

Volume of Liquid �20 mL
Volume of Gas Reservoir 500 mL
Interfacial Area 12.56 cm2

Stirrer Speed 100–250 Rpm
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reservoir supplied by the gas cylinder. The inlet gas valve
was open until the pressure reached the desired value and
the agitation was turned on. The fall in pressure was recorded
for the first 10 min of the experiments using a data acquisition
system. The equilibrium pressure was considered to have been
reached when the pressure changed less than 1 kPa for a
period of 1 h. All experiments were repeated at least three
times to guarantee the reproducibility of the results.

Physical Properties

Density and viscosity

The densities of different IL systems were measured by a
density meter (Anton Paar DMA 5000, Anton Paar Co., Aus-
tria) with the accuracy of 6 0.000005 g�cm23 at temperatures
ranging from 303 to 323 K. The viscosities were determined
by an Automated Microviscometer (Anton Paar AMVn,
Anton Paar Co., Austria) with a reproducibility <0.5% and a
repeatability <0.1%. The detailed density and viscosity data
of IL-H2O systems and MEA-IL-H2O systems are available
in Tables 3 and 4, respectively.

Diffusivity

The diffusivities of CO2 in the MEA-IL-H2O systems
were determined by N2O analogy which presented the fol-
lowing relation

DCO 2

DN2 O

5
DCO 2;w

DN2 O;w
(17)

Versteeg and van Swaaij36 proposed the following expres-
sions to calculate the diffusivities of N2O and CO2 in water

DCO 2;w 52:35 3 1026e22119=T (18)

DN2 O;w55:07 3 1026e22371=T (19)

The diffusivity of N2O into MEA-IL-H2O systems was
estimated by Eq. 20.

DN2 O ;w

DN2 O

5
l
lw
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(20)

where l and lw are the viscosities of the MEA-IL-H2O solu-
tion and the water, respectively. According to the recommen-
dation by Sada et al.,37 the value of c is 0.51 for MEA
solutions.

The commonly applied empirical correlation Wilke-Chang
equation38 was used to calculate the diffusivity of MEA in
MEA-IL-H2O systems

DMEA 5
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where M
IL-H 2O

is the mean molecular weight of IL-H2O solu-
tions, T is temperature, l

IL-H 2O
is the viscosity of the IL-H2O

solutions, VMEA is molar volume of MEA at its normal boiling
point and u is the solvent association factor with a value of 2.6.

Results and Discussion

CO2 solubility in IL systems

The CO2 solubility is an essential parameter to calculate
the Henry’s constant, and the Henry’s constant, as Eq. 4
shows, is necessary for evaluating the liquid-side mass-trans-
fer coefficient in IL systems. The mole fractions of absorbed
CO2 into the IL systems, xCO 2

, are calculated using the fol-
lowing equations

nCO 2
5
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CO 2
2PVapor ÞVG

Z1RT
2
ðPe

CO 2
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xCO 2
5
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nCO 2
1nIL 1nH2O

(23)

where Z1 and Z2 are the compressibility factors corre-
sponding to the initial and equilibrium pressure in the
reactor.

To test the applicability of the present experimental setup,
the solubility of CO2 in [bmim][BF4] and [bmim][NO3] at
313 K were measured and compared with the data reported
by Brennecke’s research group.39 Figure 2 shows that the

Table 3. Densities and Viscosities of IL-H2O Systems

Composition of the Absorbent Composition of the Absorbent

T (K) IL H2O ql(g�cm23) ll(mPa s) T (K) IL H2O (wt %) ql (g�cm23) ll (mPa s)

313 [bmim][N(CN)2] < 200ppm 1.051521 18.1576 303 95 wt %[bmim][NO3] 5 1.14786 35.7366
313 [bmim][BF4] < 200ppm 1.191293 56.3556 308 95 wt %[bmim][NO3] 5 1.144616 29.4877
313 [bmim][NO3] < 200ppm 1.153284 89.9147 313 95 wt %[bmim][NO3] 5 1.141377 24.6353
313 [omim][BF4] < 200ppm 1.093232 135.9992 318 95 wt %[bmim][NO3] 5 1.138161 20.8564
303 95 wt% [bmim][BF4] 5 wt% 1.181645 18.8686 323 95 wt%[bmim][NO3] 5 1.134947 17.8828
308 95 wt% [bmim][BF4] 5 wt% 1.178004 16.0355 303 90 wt%[bmim][NO3] 10 1.134676 17.209
313 95 wt% [bmim][BF4] 5 wt% 1.17438 13.8683 308 90 wt%[bmim][NO3] 10 1.131348 14.6742
318 95 wt% [bmim][BF4] 5 wt% 1.170772 12.1043 313 90 wt%[bmim][NO3] 10 1.128034 12.645
323 95 wt% [bmim][BF4] 5 wt% 1.167171 10.665 318 90 wt%[bmim][NO3] 10 1.12472 11.001
303 95 wt% [omim][BF4] 5 wt% 1.090741 42.6659 323 90 wt%[bmim][NO3] 10 1.121408 9.6607
308 95 wt% [omim][BF4] 5 wt% 1.086471 34.9096 313 80 wt%[bmim][NO3] 20 1.118244 6.3143
313 95 wt% [omim][BF4] 5 wt% 1.0822 28.9041 313 70 wt%[bmim][NO3] 30 1.100881 3.9077
318 95 wt% [omim][BF4] 5 wt% 1.077929 24.2954 313 60 wt%[bmim][NO3] 40 1.083209 2.7534
323 95 wt% [omim][BF4] 5 wt% 1.073658 20.6284 313 50 wt%[bmim][NO3] 50 1.066967 2.1958
303 95 wt% [bmim][N(CN)2] 5 wt% 1.053407 15.0254 313 40 wt%[bmim][NO3] 60 1.050311 1.464
308 95 wt% [bmim][N(CN)2] 5 wt% 1.050177 12.9385 313 30 wt%[bmim][NO3] 70 1.035238 1.2402
313 95 wt% [bmim][N(CN)2] 5 wt% 1.046963 11.2712 313 20 wt%[bmim][NO3] 80 1.019862 0.9709
318 95 wt% [bmim][N(CN)2] 5 wt% 1.043773 9.905 313 10 wt%[bmim][NO3] 90 1.005944 0.8194
323 95 wt% [bmim][N(CN)2] 5 wt% 1.040592 8.7735
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results are in good agreement with the literature,39 confirm-
ing the accuracy of CO2 solubility in the present experimen-
tal setup. The CO2 solubility in different IL systems has
been illustrated in Figure 3. It shows that [bmim][BF4]
presents a greater capability of absorbing CO2 compared
with [bmim][NO3] when adding the same amount of water
(5 wt %) to the IL. Regarding the effect of water content on
the CO2 solubility, it presents that the CO2 solubility
decreases with the increasing water content from 5 to 10 wt
% in IL. Furthermore, the equilibrium pressure is approxi-
mately described as a linearly increasing function of the
mole fraction, which facilitates the calculation of Henry’s
constant discussed in the next part.

Henry’s law constant

The Henry’s law constant can be calculated according to
the literature40

H5 lim
xCO 2

!0

f ðPe
CO 2

; TÞ
xCO 2

~5
/CO 2

Pe
CO 2

xCO 2

(24)

where H is the Henry’s law constant, f is the fugacity at the
equilibrium temperature, and equilibrium pressure, /CO 2

is the
fugacity coefficient which can be calculated by the RK EOS41
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where a, b, A2, and B are the parameters of RK EOS, V is
the molar volume and Tc, Pc are the critical temperature and
the critical pressure of CO2, respectively.

Table 4. Densities and Viscosities ofMEA-IL-H2O Systems

Composition of the Absorbent Composition of the Absorbent

T (K) IL
H2O

(wt %)
MEA

(wt %)
ql

(g�cm23)
ll

(mPa s) T (K) IL
H2O

(wt %)
MEA

(wt %)
ql

(g�cm23)
ll

(mPa s)

303 65 wt% [bmim][BF4] 5 30 1.12344 16.8857 323 65 wt% [bmim][NO3] 5 30 1.086125 9.1984
308 65 wt% [bmim][BF4] 5 30 1.119521 13.8146 303 60 wt% [bmim][NO3] 10 30 1.099964 15.0702
313 65 wt% [bmim][BF4] 5 30 1.115614 11.5129 308 60 wt% [bmim][NO3] 10 30 1.096386 12.5408
318 65 wt% [bmim][BF4] 5 30 1.111722 9.7792 313 60 wt% [bmim][NO3] 10 30 1.092818 10.5835
323 65 wt% [bmim][BF4] 5 30 1.107814 8.3422 318 60 wt% [bmim][NO3] 10 30 1.089262 9.0515
303 65 wt% [bmim][N(CN)2] 5 30 1.037781 11.7301 323 60 wt% [bmim][NO3] 10 30 1.085702 7.8079
308 65 wt% [bmim][N(CN)2] 5 30 1.034288 9.987 313 70 wt% [bmim][NO3] 0 30 1.100226 17.7662
313 65 wt% [bmim][N(CN)2] 5 30 1.090801 8.5885 313 50 wt% [bmim][NO3] 20 30 1.076913 6.8974
318 65 wt% [bmim][N(CN)2] 5 30 1.027323 7.4589 313 40 wt% [bmim][NO3] 30 30 1.063372 4.9402
323 65 wt% [bmim][N(CN)2] 5 30 1.023846 6.5283 313 30 wt% [bmim][NO3] 40 30 1.048568 3.7014
303 65 wt% [bmim][NO3] 5 30 1.100548 17.9784 313 20 wt% [bmim][NO3] 50 30 1.033771 2.9002
308 65 wt% [bmim][NO3] 5 30 1.096951 14.9258 313 10 wt% [bmim][NO3] 60 30 1.018496 2.3417
313 65 wt% [bmim][NO3] 5 30 1.093341 12.5531 313 0 70 30 1.003422 1.9631
318 65 wt% [bmim][NO3] 5 30 1.089731 10.6855

Figure 2. The solubility of CO2 in ILs �, • this work; w,
� Brennecke’s research group.39

Figure 3. The solubility of CO2 in different IL-H2O
systems.

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

available at wileyonlinelibrary.com.]
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As shown in Figure 4, the Henry’s constant increases,
namely the CO2 solubility decreases with the increase of
temperature in IL-H2O systems. Figure 4 also shows that the
order of Henry’s constant in different IL systems is 90 wt %
[bmim][NO3]> 95 wt % [bmim][NO3]> 95 wt %
[bmim][BF4], which is in accordance with the previous dis-
cussion about the CO2 solubility.

Liquid-side mass-transfer coefficient

Effect of IL Structure. The liquid-side mass-transfer
coefficient was calculated by Eq. 4 based on the pressure
drop in the reactor. Four different kinds of pure ILs ([bmim]
[BF4], [omim][BF4], [bmim][NO3], and [bmim][N(CN)2])
were selected due to their similar structures (same anion or
same cation). Both the anions and cations of ILs have great
impact on the CO2 solubility in ILs.42 The Henry’s constants
of CO2 absorption in [omim][BF4], [bmim][BF4], 95 wt %
[bmim][BF4] and pure water at 313 K were measured,
indicating a value of 6.52, 8.15, 14.46, and 236 MPa,
respectively. Therefore, the CO2 solubility is much higher
in ILs and IL-H2O mixtures than that of in water. It also
shows that the CO2 solubility increases with increasing the
length of the alkyl side chain on the imidazolium ring

([bmim]1< [omim] 1) when they have same anion. For the
ILs with same cation, the CO2 solubility increases in the
order of [NO3]2< [N(CN)2]2< [BF4]2. A typical plot for
kL determination in pure ILs at 313 K has been presented in
Figure 5. It displays that the right-hand side of Eq. 4 can be
depicted as a good linear function of time in all cases, which
verifies the reliability of the method for calculating kL used
in this work. Figure 5 also shows that the slopes are ranked
as [bmim][NO3]< [bmim][N(CN)2]< [bmim][BF4]< [omim]
[BF4], indicating that the maximum kL exists in [omim][BF4]
while the minimum is in [bmim][NO3]. However, the order
of kL is not consistent with the order of the viscosities of ILs
which have been presented in Table 3. According to the tra-
ditional ideas, the kL mainly depends on the diffusivity of
CO2 in the liquid. In other words, the kL is influenced by the
viscosity. Therefore, the kL in [bmim][N(CN)2] should be
greater than that in [bmim][BF4] when only the effect of vis-
cosity is taken into consideration. As described previously
about the anionic structure of ILs, the CO2 solubility in
[bmim][N(CN)2] is lower than that in [bmim][BF4] which
shows the same tendency as kL. From the viewpoint of
molecular dynamics, CO2 is located in the interstices formed
by the strong Coulombic interactions between cations and

Figure 4. Effect of temperatureon Henry’s constant in
different IL-H2O systems.

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

available at wileyonlinelibrary.com.]

Figure 5. kLa determination in different ILs.

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

available at wileyonlinelibrary.com.]

Figure 6. kLa determinationin different IL-H2O systems.

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

available at wileyonlinelibrary.com.]

Figure 7. Effect of temperature on kLa determination in
IL-H2O system.

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

available at wileyonlinelibrary.com.]
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anions. The diffusion coefficient of CO2 increases with the
increase of CO2 concentration43,44 and the viscosity reduc-
tion effect of ILs after absorbing CO2 depends on the differ-

ent structures of ILs. Therefore, it is reasonable to deduce
that kL in IL is also influenced by the structures of ILs.
When comparing [bmim][BF4] with [omim][BF4], in view of
the cationic impact on the CO2 solubility the fact that kL in
[omim][BF4] is greater can be explained.

Figure 8. kL in different IL-H2O systems over the tem-
perature range from 303 to 323 K.

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

available at wileyonlinelibrary.com.]

Figure 9. Effect of stirrer speed on the pressure drop
in IL-H2O system.

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

available at wileyonlinelibrary.com.]

Figure 10. Effect of IL concentration on the Henry’s
constant and kL in IL-H2O system.

Table 5. Available kL Values of Absorbing CO2 in Water

and in IL

Temperature
(K) Solvent

kL 3 105

(m s21) Reference

303 Water 4.19 Lu et al.32

303 Water 1.6 Konduru et al.45

298–328 Water 7.1–13.6 Qin et al.46

313 Water 2.8 Bishnoi et al.47

303 [bmim][BF4] 0.75–1.39 Sanchez et al.30

313 [bmim][BF4] 1.28 This work
303 95 wt % bmim[BF4]

1 5 wt % H2O
1.52 This work

303 95 wt % bmim[NO3]
15 wt % H2O

0.55 This work

303 90 wt % bmim[NO3]
1 5 wt % H2O

0.64 This work

Figure 11. Enhancement factor determination in MEA-
IL-H2O system.

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

is available at wileyonlinelibrary.com.]

Figure 12. Enhancement factors in different MEA-IL-
H2O systems from 303 to 323 K.

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

is available at wileyonlinelibrary.com.]
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As depicted in Figure 6, the kL determination in different
IL-H2O systems was investigated at 313 K. These three IL-
H2O systems, namely 95 wt % [bmim][BF4], 95 wt %
[bmim][N(CN)2], and 90 wt % [bmim][NO3] have very simi-
lar viscosities (13.87, 11.27, and 12.65 mPa s, respectively)
and show different slopes for calculating kL, which can be
mainly attributed to the effect of IL structure on the CO2

solubility in these IL-H2O systems. Comparing the 95 wt %
[bmim][NO3] system with the 90 wt % [bmim][NO3] system,
the different values of the slopes lie in the difference of vis-
cosity. Therefore, as expected, kL in IL-H2O systems
depends on both the viscosity and the structure of ILs.

Effect of Temperature. As presented in Figure 7, the
effect of temperature on kL determination was investigated
over the temperature range from 303 to 323 K. It shows that
the slopes increase with the increase of system temperature.
Detailed data of kL in different IL-H2O systems has been
displayed in Figure 8. The kL in 95 wt % [bmim][BF4] sys-
tem is much larger than that in other three IL-H2O systems,
which can be ascribed to the influence of IL structure. The
temperature has a positive influence on the diffusivity of
CO2 in the IL-H2O systems due to the decrease of viscosity,
which is beneficial for increasing the CO2 mass-transfer
coefficients.

Effect of Stirrer Speed. As typically shown in Figure 9,
the influence of the stirrer speed was investigated by detect-
ing the speed of pressure drop in the IL-H2O system. In the
present study, the stirrer speed is limited to 250 rpm to

ensure an undisturbed interface. It is found that a higher stir-
rer speed can result in a higher speed of pressure drop in the
reactor, which can be attributed to a greater kL.

Effect of IL Concentration. The ratio of IL to H2O in the
absorbent, which is an important parameter for CO2 absorp-
tion process, was studied over a wide range of IL concentra-
tions from 0 to 100 wt %. Figure 10 shows that the Henry’s
constant decreases, namely the CO2 solubility increases with
continuously adding IL [bmim][NO3] into the system. How-
ever, from the viewpoint of mass transfer, the kL decreases
with the increase of IL concentrations which can be ascribed
to the increase of viscosity. Therefore, when determining the
suitable ratio of IL to H2O in the absorbent for CO2 physical
absorption, both the thermodynamic and dynamic factors
should be taken into consideration.

Kinetic parameters

Enhancement Factor. The enhancement factor was cal-
culated by Eq. 12. The liquid-side mass-transfer coefficient
obtained in the IL-H2O systems was applied to determine E
in the MEA-IL-H2O systems. Similar approximation has
been reported in different research groups,32,45–47 who used
water as liquid phase to determine kL in studying the kinetics
of CO2 chemical absorption into different amine aqueous
systems. The available kL values of absorbing CO2 in water
and in IL have been presented in Table 5. It shows that the
mass-transfer process of absorbing CO2 is faster in water
than in IL, which can be attributed to the higher viscosity of
IL. Adding water to IL can decrease the viscosity, which
will speed up the mass-transfer process.

A typical plot for enhancement factor determination in the
MEA-IL-H2O system at 313 K has been presented in Figure
11. It shows an excellent linear trend, which ensure the accu-
racy of the method used in the present study to calculate E.
The values of experimental enhancement factors in different
MEA-IL-H2O systems are shown in Figure 12. The enhance-
ment factors increase with the increase of temperature. The
enhancement factor nearly doubles at 323 K compared with
that at 303 K. Figure 12 also displays that the enhancement
factors are ranked as 65 wt% [bmim][N(CN)2]< 65 wt%
[bmim][NO3]< 60 wt% [bmim][NO3]< 65 wt% [bmim]
[BF4]. Interestingly, when adding [bmim][N(CN)2] into
MEA aqueous system, the enhancement factors are mostly
below 3, indicating that the reaction regime has changed
from fast regime (E 5 Ha) to intermediate between slow
(E 5 1) and fast regime. However, for other MEA-IL-H2O
systems, the reaction regime keeps in the fast regime. There-
fore, in view of the dynamics, the IL [bmim][N(CN)2] is not
suitable to be added into the MEA aqueous system.

Table 6. Kinetic Parameters of MEA-[bmim][NO3]-H2O Systems at 313 K

Composition of the Absorbent

CMEA

(mol�m23)
DCO 2

31010

(m2�s21)
DMEA 3 1010

(m2 s21)
kL 3 106

(m�s21)
k2

(L�mol21 s21) kps (s21) Ha EiIL H2O
MEA

(wt %)

70 wt % [bmim][NO3] 0 30 5403.86 6.23 0.11 7.31 0.08 0.45 2.29 11.62
65 wt % [bmim][NO3] 5 30 5384.78 7.44 0.91 7.5 0.27 1.43 4.36 88.20
60 wt % [bmim][NO3] 10 30 5367.48 8.12 1.71 8.63 0.79 4.25 6.81 180.87
50 wt % [bmim][NO3] 20 30 5289.36 10.1 2.97 11.71 2.53 13.35 9.92 273.38
40 wt % [bmim][NO3] 30 30 5222.85 11.98 4.24 13.32 3.92 20.47 11.75 350.38
30 wt % [bmim][NO3] 40 30 5150.14 13.88 5.44 15.06 7.01 36.06 14.86 391.74
20 wt % [bmim][NO3] 50 30 5077.46 15.72 6.26 16.17 15.99 81.18 22.09 415.36
10 wt % [bmim][NO3] 60 30 5002.44 17.53 8.73 17.16 24.72 123.67 27.14 514.49
0 70 30 4928.4 19.18 18.27 18.46 57.26 282.19 39.86 988.53

Figure 13. Activation energy determination in MEA-
[bmim][NO3]-H2O systems.

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

is available at wileyonlinelibrary.com.]
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Moreover, it has been reported that the anion [BF4]2 will
generate the very toxic and corrosive substance HF when the
system contains water for a long time.33 And the reaction to
produce HF from [BF4]2 will be accelerated during the CO2

desorption process because the desorption temperature is
usually high (about 100�C). Therefore, in view of both the
mass-transfer rates and the stability of IL in CO2 absorption
system, the new system MEA 1 [bmim][NO3] 1 H2O is rec-
ommended and will be studied further in the next part.

Reaction Rate Constant. It is safe to ignore the chemical
reaction between the ILs choosen in the present study and
CO2. The pseudofirst-order reaction rate constant is given by

kps 5k2CMEA (31)

The kps was studied in the MEA-[bmim][NO3]-H2O sys-
tem over a wide range of IL concentrations from 0 to 70
wt%. According to the literature,48 the reaction rate of CO2

in water is very slow (k 5 0.026 s21 at 298 K), which is
much slower than the reaction in MEA-[bmim][NO3]-H2O
system. This can be ascribed to the fact that the MEA-
[bmim][NO3]-H2O system has a stronger alkalinity
(pH 5 12.58 at 298 K) than water. Due to the negligible con-
tribution, the reaction of CO2 with water can be neglected.
The detailed kinetic parameters in MEA-[bmim][NO3]-H2O
systems at 313 K has been displayed in Table 6. It clearly
shows that the calculated Hatta number and infinite enhance-
ment factor satisfy the criterion of Eq. 13, ensuring the vali-
dation of the fast pseudofirst-order reaction regime in this
work. According to Table 6, DMEA changes stronger than kL

andDCO 2
. It has been illustrated in the previous description

that kL in IL systems is influenced not only by the viscosity
but also the molecular structures of ILs. Therefore, the vis-
cosity has a stronger impact on DMEA than kL, which results
in the greater change of DMEA. As for the comparison of
DMEA and DCO 2

, it can be referred to Eqs. 17–21. It displays
that DMEA andDCO2

are inversely proportional to l
IL-H 2O

and
l0.51, respectively. The values of l

IL-H 2O
and l are very

close. Therefore, the greater change of DMEA can be attrib-
uted to the fact that the viscosity exerts a stronger influence
on DMEA. Moreover, DMEA, DCO 2

and kL increase with
decreasing the IL concentrations in the systems, which
strengthen the reaction rates.

Activation Energy. The calculated values of kinetic
parameter k2 were applied to determine the activation energy
(Ea) using the Arrhenius equation. A typical Arrhenius plot
for calculating activation energy in MEA-[bmim][NO3]-H2O
systems from 303 to 323 K has been depicted in Figure 13.
The values in Figure 13 have been correlated to calculate the
activation energy as follows:

absorbent: 30 wt % MEA 1 65 wt % [bmim][NO3] 1 5 wt
% H2O

lnk 25
29275

T
128:311 (32)

absorbent: 30 wt % MEA 1 60 wt % [bmim][NO3] 1 10 wt
% H2O

lnk 25
27661

T
124:105 (33)

The values of the activation energy are 77.11 and 63.69
kJ mol21 for the two MEA-[bmim][NO3]-H2O systems,
respectively. The obtained results have been compared with
the available Ea values of the reaction between CO2 and
MEA aqueous systems reported in different literature,2,49–51

which has been listed in Table 7. It demonstrates that Ea

increases when adding IL into the MEA aqueous system to
absorb CO2. In addition, the Ea decreases with the decrease
of IL concentration in the MEA-[bmim][NO3]-H2O system.

Conclusions

Mixing ILs with amine is considered as a promising way
to make ILs being directly applicable in a carbon capture
system. The lack of mass-transfer study, especially the
liquid-side mass-transfer coefficient, has become a bottleneck
in developing such novel CO2 capture process. In this work,
the liquid-side mass-transfer coefficient was determined by
the decreasing pressure method in a stirred cell reactor with
an undisturbed gas–liquid interface at temperatures ranging
from 303 to 323 K. The kinetics of chemical absorption of
CO2 with aqueous mixed solvents was studied in ILs-based
systems containing 30 wt % MEA and 0–70 wt % ILs.

The results demonstrate that kL is influenced both by the
viscosity and the molecular structure of ILs. The kL

decreases while CO2 solubility increases with the increase of
IL concentrations. The kinetics of the reaction between CO2

and different MEA-IL-H2O systems were studied over a
wide range of IL concentrations from 0 to 70 wt %. The
[bmim][N(CN)2] IL is not suitable to be added into the aque-
ous MEA system because of greatly slowing the reaction
rates. The new system MEA 1 [bmim][NO3] 1 H2O is rec-
ommended as a promising candidate for CO2 absorption.
The overall reaction rates increase with decreasing the IL
concentrations in the MEA-[bmim][NO3]-H2O systems. The
Ea values of the reaction of CO2 absorption with the MEA-
[bmim][NO3]-H2O systems are greater but the same order of
magnitude as the available Ea data in the literature using
MEA aqueous system.
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Notation

List of symbols

a = specific gas-liquid interfacial area, m2 m23

A = gas–liquid interfacial area, m2

C = concentration, mol m23

D = diffusivity, m2 s21

E = enhancement factor
Ea = activation energy, kJ mol21

E1 = infinite enhancement factor
f = fugacity, kPa

H = Henry’s constant, kPa
Ha = Hatta number
k1 = reaction rate constant with respect to CO2, m3 mol21 s21

k2 = second-order reaction rate constant, m3 mol21 s21

KH = Henry’s constant, Pa m3 mol21

kL = liquid-side mass-transfer coefficient, m s21

kps = pseudofirst-order reaction rate constant, s21

M = molecular weight, g mol21

n = mole amount, mol
N = overall mass-transfer flux, mol s21

P = pressure, kPa
Pc = critical pressure, kPa
Pe = equilibrium pressure, kPa
P0 = initial pressure, kPa

PVapor = vapour pressure, kPa
r = reaction rate, m3 mol21 s21

R = gas constant, J K21 mol21

t = time, s
T = temperature, K

Tc = critical temperature, K
V = volume, cm3

x = mole fraction
Z = compressibility factor

Abbreviations

EOS = equation of state
IL = ionic liquid

MEA = monoethanolamine
TSIL = task-specific ionic liquid

Greek letters

q = density, g�cm23

l = viscosity, mPa s
u = fugacity coefficient
m = stoichiometric coefficient
b = parameter
x = mass fraction, wt %

Subscripts

G = gas phase
L = liquid phase
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