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�We report the role of ILs in pre-combustion CO2 capture using hybrid solvent.
� The highest CO2 cyclic capacity is obtained by addition of [Bmim][BF4].
� The lowest enthalpy of CO2 absorption is observed for MDEA/PZ/[Bmim][BF4] absorbent.
� The sensible heat and reaction heat can be tailored by the choice of ILs.
a r t i c l e i n f o

Article history:
Received 13 February 2015
Received in revised form 4 May 2015
Accepted 20 May 2015
Available online 6 June 2015

Keywords:
Ionic liquids
Amine
CO2 capture
Integrated coal gasification combined cycle
Regeneration energy
a b s t r a c t

The desirable properties of room temperature ionic liquid (RTIL) with low heat capacity, low corrosive,
nonvolatile and good CO2 solubility make it possible to tailor the amine aqueous solution for capture
of CO2 with low energy consumption. However, the detailed thermal analysis, which is helpful for under-
standing deeply the energy saving potential for ionic liquids (ILs)-based solvent, is scant. In this work,
three different ILs with the same cation, 1-butyl-3-methylimidazolium ([Bmim]), and different anions,
including tetrafluoroborate ([BF4]), nitrate ([NO3]), chloride ([Cl]), are used to tailor the N-methyldieth
anolamine/piperazine (MDEA/PZ) aqueous solution to assess their role in CO2 capture performance.
The results showed that the investigated ILs affect the physical solubility of CO2. Adding [Bmim][BF4] into
MDEA/PZ showed the largest CO2 cyclic capacities, whereas, it is the smallest for MDEA/PZ/[Bmim][NO3],
which indicates that anion species of the ILs could tune the sensible heat. Based on the calorimeter mea-
sured results and modeling estimated results, the reaction enthalpy changes with the addition of differ-
ent ILs were also observed. The addition of [Bmim][BF4] could reduce the average enthalpy of CO2

dissolution and the sensible heat at 313 K by 30.1% and 20.3%, respectively. Finally, the studies revealed
that not only the latent heat of vaporization but also the sensible heat and reaction heat of CO2 capture
can be tailored by the choice of ILs.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The emission of CO2 from fossil fuel-fired power plants was
concerned widely. Many technologies have been reported to sepa-
rate CO2 from flue gas, among one of them the pre-combustion
capture, which means capturing CO2 from the syngas produced
by an integrated gasification combined cycle (IGCC) process, is
one of the efficient approaches to the reduction of CO2 emission.
The current pre-combustion capture technologies include
the chemical and physical solvents, such as Mg(OH)2-based
sorbent, natural limestone, polyethylene glycol derivatives,
refrigerated methanol, N-methyl-2-pyrolidone, zeolite and
N-methyldiethanolamine [1–6]. Due to the syngas from a water–
gas shift reaction in an IGCC process is about 5 MPa with about
40% CO2, the gas–liquid absorption is preferred to such high CO2

partial pressure for saving energy requirements compared with
the post-combustion carbon capture. Nevertheless, the IGCC tech-
nology with carbon capture still faces huge energy consumption
problem [7–9]. An increased scope is to develop new absorbents
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Nomenclature

AMP 2-amino-2-methyl-1-propanol
[Bmim][BF4] 1-butyl-3-methylimidazolium tetrafluoroborate
[Bmim][NO3] 1-butyl-3-methylimidazolium nitrate
[Bmim][Cl] 1-butyl-3-methylimidazolium chloride
DEA Diethanolamine
f fugacity
[Hmim][Tf2N] 1-hexyl-3-methylimidazolium bis(trifluoromethyl

sulfonyl)imide
HCO2�solvent physical solubility of CO2 in solvent (kPa m3/kmol)
HN2O�solvent physical solubility of N2O in solvent (kPa m3/kmol)
HCO2�H2O solubility of CO2 in water (kPa m3/kmol)
HN2O�H2O solubility of N2O in water (kPa m3/kmol)
IGCC Integrated gasification combined cycle
K equilibrium constant
kH CO2 Henry’s law constant in aqueous solution
MDEA N-methyldiethanolamine
PZ piperazine
P system pressure (Pa)
Pc critical pressure (Pa)
P�CO2

equilibrium partial pressure of CO2 (Pa)
Psat

H2O saturated vapor pressure of water (Pa)

Qstrip latent heat of vaporization (kJ/mol CO2)
Qsens sensible heat (kJ/mol CO2)
R universal gas constant [J/(mol K)]
RTILs room temperature ionic liquids
T temperature (K)
Tc critical temperature (K)
xH2O mole fraction of water
xCO2 equilibrium CO2 mole fraction in the liquid phase
yCO2

CO2 mole fraction

DHvap
H2O heat of evaporation of water (kJ/mol H2O)

DHmix non-ideal mixing enthalpy (kJ/mol CO2)
DHche enthalpy of chemical reaction (kJ/mol CO2)
DHphy enthalpy of physical absorption (kJ/mol CO2)
DHabs overall enthalpy of CO2 absorption (kJ/mol CO2)

Greek letters
x acentric factor
a CO2 loading (mol/mol)
uCO2

CO2 fugacity coefficient in the vapor phase
cCO2

CO2 activity coefficient
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with high CO2 cyclic capacity, low reaction heat and low water
content for improving the energy efficiency. It is estimated that
2% energy efficiency can be improved by saving 1 GJ/t CO2 regener-
ation energy [10].

A large amount of studies has been carried out related to the
CO2 capture by hybrid solvents [11–34]. It is possible that
amine-room temperature ionic liquids (RTILs)-H2O mixtures could
decrease CO2 regeneration energy in an absorption–desorption
capture process because of the low heat capacity, low corrosive,
low nonvolatile and good CO2 solubility of the blend solvent. A
brief review of studies related to the CO2 capture by the blend sol-
vent was shown in Table 1. Camper et al. first studied the
amine-RTIL solution without water for CO2 capture by monoetha-
nol amine (MEA)-carbamate precipitation. They evaluated that
both the less heat capacity and the less volume to regenerate of
the hybrid solution are important factors for increasing energy
efficiency [34]. Hasib-ur-Rahman et al. studied the nonvolatile imi-
dazolium based RTIL 1-hexyl-3-methylimidazolium bis(trifluoro
methylsulfonyl)imide ([Hmim][Tf2N]) blends with diethanolamine
(DEA) or 2-amino-2-methyl-1-propanol (AMP) for CO2 capture. It
was observed that DEA-carbamate is easy regeneration because
of low regenerating temperature (�55 �C) and volume [26,27].
Excess enthalpies for binary mixtures of MEA and [Hmim][Tf2N]
or 1-(2-hydroxyethyl)-3-methylimida- zolium bis(trifluoromethyl
sulfonyl)imide ([OHemim][Tf2N]) were measured by calorimeter
and predicted by COSMO-RS. It was noticed that MEA +
[Hmim][Tf2N] is endothermic and MEA + [OHemim][Tf2N] is
exothermic [15]. In addition, ILs + amine + H2O for CO2 capture
with low energy consumption has been reported on many litera-
tures [13,14,16,22,25]. Although water effects the CO2 solubility,
it will facilitate the industrial application of the mixture because
of decreasing viscosity [22]. To capture CO2 from flue gas using
[Bmim][BF4] + MEA + H2O has been conducted in a lab scale
absorption–desorption loop system with membrane reactor by
Yang et al. A lower energy consumption of the hybrid solvent
(IL + amine) regeneration than that of aqueous MEA solution was
found by Aspen Plus simulation [14]. Recently, similar results have
been reported by Huang et al. Their simulated results reveal that an
addition of [Bpy][BF4] can save about 15% sensible and latent heat
compared to the conventional MEA process [13]. The basic idea of
above all literatures is to replace water with IL, which implies that
a low heat capacity and latent heat of vaporization. However, the
detailed thermal analysis using experimental method to fully
understand the thermodynamics and the role of IL is absent, espe-
cially in the process of the pre-combustion CO2 capture.

Few studies [11,12,25,29] have been involved in the
pre-combustion CO2 absorption performance in amine-RTIL aque-
ous solution, in particular the thermal analysis. On the basis of
our previous work [35–37], this work develops an IL tailored amine
aqueous absorbent for CO2 capture in an IGCC process. The
absorbents consist of 30 wt% N-methyldiethanolamine (MDEA),
3 wt% piperazine (PZ), 57 wt% H2O and 10 wt% RTIL with
1-butyl-3-methylimidazolium ([Bmim]) as the cation, and tetraflu-
oroborate ([BF4]), nitrate ([NO3]) or chloride ([Cl]) as the anions.
Furthermore, we report the total heat of CO2 absorption in ILs tai-
lored amine aqueous solutions determined by Gibbs–Helmholtz
equation and a calorimeter. Moreover, the solubility of CO2 and
N2O in the hybrid absorbents was measured using a vapor–liquid
equilibrium apparatus. Henry’s constants of CO2 were calculated
by means of the ‘‘N2O analogy’’. Based on the solubility data, the
CO2 cyclic capacity and CO2 physical absorption enthalpy was anal-
ysed. All these work aims to provide insight into the nature of the
effect of ILs on the CO2 absorption thermodynamic behavior using
the amine + IL + H2O solvents. The present study can help us to
fully understand the potential for amine-RTILs aqueous solvents
for CO2 capture in an IGCC process.

2. Experimental section

2.1. Materials

The N2O and CO2 with more than 99.99% concentration
were purchased from Beijing Beiwen Gas Factory.
N-methyldiethanolamine (MDEA) and piperazine (PZ) with more
than 99% purum were obtained from Beijing Chemical Company.
[Bmim][BF4], [Bmim][NO3] and [Bmim][Cl], supplied by Linzhou
Keneng Materials Technology Co. Ltd., China, were reagent-grade
with more than 99% purity. All chemicals and solvents were used
as received. The structures and weights of the amine and the ILs
are shown in Table 2.



Table 1
A brief review of studies related to the CO2 capture by IL/amine/H2O hybrid.

Absorbent Pg (bar) Tg (K) CO2 (%) Methods Conclusions Source

[gua][OTf] + MDEA + H2O 1–10 293–333 10–100 Experiment (stirred cell) IL accelerates CO2 absorption Sairi et al. [11]
[gua][OTf] + MDEA
[gua][OTf] + MDEA + H2O 5–30 303–333 100 Experiment (reactor cell) IL decreases CO2 solubility Sairi et al. [12]
[Bmim][BF4] + MEA + H2O 1.01 473 6.37 Simulation (Aspen Plus) Saving about 15% sensible and latent heat Huang et al. [13]
[Bmim][DCA] + MEA + H2O
[Bpy][BF4] + MEA + H2O Experiment (ebulliometer) ILs decrease the vapor pressures
[Bmim][BF4] + MEA + H2O 1.01 323 125 Simulation (Aspen Plus) Saving about 37.2% thermal energy Yang et al. [14]

Experiment (membrane) Reduce MEA loss
MEA + [Hmim][NTf2] 1.01 313 0 Simulation (COSMO-RS) Hydrogen bonding influence the thermo-

dynamic
Gonzalez-Miquel et al. [15]

MEA + [OHemim][NTf2] Experiment (calorimeter) IL can change the thermodynamic
MEA + [C2OHmim][DCA] + H2O 0.1–8 293–333 100 Experiment (stirred cell) CO2 solubility decreases with IL

concentration
Xu et al. [16]

MEA + [Bmim][DCA] + H2O
[Bmim][BF4] + MEA + H2O 1.01 303–333 15 Experiment (stirred cell) IL enhances CO2 mass transfer Lu et al. [17]
[N1111][Gly] + MDEA + H2O 0–4 298–318 100 Experiment (equilibrium cell) IL enhances the CO2 absorption Gao et al. [18]
[N2222][Gly] + MDEA + H2O
[N1111][Lys] + MDEA + H2O 0–4 363–378 100 (bottle) More IL can be renewed Zhang et al. [19–21]
[N2222][Lys] + MDEA + H2O
[Bmim][OAc] + MEA + H2O N/A 298–338 100 Experiment (gasometric

apparatus)
Water effects the CO2 absorption Baj et al. [22]

[Bmpr][BF4] + MEA + H2O
[Bmim][BF4] + MEA + H2O
[Hmim][BF4] + MDEA N/A 303–323 0 Experiment (meter) Presence of physical forces of attraction Akbar et al. [23]
[Hmim][Tf2N] + MDEA Got the thermophysical properties Akbar et al. [24]
[Bmim][BF4] + MEA + H2O 1–16 298–313 100 Experiment (equilibrium cell) IL + amine is attractive Taib et al. [25]
[Bheaa]+MEA + H2O
[Hmim][Tf2N] + AMP 1.01 308–383 100 Experiment (TG/DSC/NMR) DEA-carbamate easy regeneration Hasib-ur-Rahman et al.

[26]
[Hmim][Tf2N] + DEA
[Bmim][Tf2N] + DEA 1.01 298 100 Experiment (TG/SEM/ATR) IL suppresses corrosion Hasib-ur-Rahman et al.

[27,28]
[Emim][Tf2N] + DEA
MEA + [MEA][BF4] + H2O 5–25 303–358 25 Experiment (capture tower) MCHP shows the best performance Zhao et al. [29]
MDEA + [MDEA][Cl] + H2O
MDEA + [MDEA][Cl] + H2O + PZ Zhao et al. [30]
[Bmim][BF4] + MDEA + H2O 0.1–1 303–343 10–100 Experiment (stirred cell) IL increases the initial absorption rate Ahmady et al. [31]
[Bmim][AC] + MDEA + H2O 1–7 303–333 10–100 Ahmady et al. [32]
[Bmim][DCA] + MDEA + H2O IL decreases the CO2 loading Ahmady et al. [33]
MEA + [Hmim][NTf2] 0.04 313 100 Experiment (N/A) RTIL-amine increases energy efficiency Camper et al. [34]
DEA + [OHemim][NTf2]
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2.2. Experimental equipment and procedure

A schematic diagram of the vapor–liquid equilibrium apparatus
is shown in Fig. 1. The apparatus is made of 304-stainless steel. The
apparatus comprises a feed tank and two equilibrium tanks which
are in a temperature controlled oil bath to obtain uniform temper-
ature of gas and liquid in the tanks. The volumes of all tanks are
calibrated by performing pressure swing experiments. Pressure
swing experiments are carried out with and without high purity
aluminium in the equilibrium tank. The feed tank is pressurized
by CO2 and the cell volume is evacuated at 63 kPa. After the oil
bath and gas of the tank reached the desired temperature, the equi-
librium tank is filled with CO2 through the feed tank. The operation
is repeated at least three times. Two ideal gas equations with two
unknowns and three groups are produced. The feed tank volume
(594.4 ± 15.7 cm3) and the equilibrium tank volume
(202.6 ± 2.7 cm3) are obtained after these equations are solved.

About 40 g absorbents are weighted by an electronic analytical
balance (PL4002, Sartorius Scientific Instrument Co. Ltd., China)
with an accuracy of ±0.01 g, and then placed in the equilibrium
tank. After that, the equilibrium tank is sealed from the atmo-
sphere environment and evacuated by vacuum pump.
Meanwhile, the magnetic stirrer and oil bath is turned on to reach
thermal equilibrium as soon as possible. Gas is injected into the
equilibrium tank from the feed tank after achieving thermal
equilibrium. All pressure is measured by Rosemount engineering
pressure transducers with an accuracy of ±0.065% of full scales
up to 3 MPa and automatically recorded per second by a program.
The chemical and physical solubility are calculated from the differ-
ence in the initial pressure and the final equilibrium pressure of
two tanks. Peng-Robinson equation is employed to calculate the
number of moles of gas in two tanks as follows [38]:

p ¼ RT
v � b

� a

v2 þ 2bv � b2 ð1Þ
a ¼ 0:457235

� R2T2
c

pc
½1þ ð0:37464þ 1:54226x� 0:26992x2Þð1� T0:5

r Þ�
2

ð2Þ
Tr ¼ T
Tc

ð3Þ
b ¼ 0:07780
RTc

pc
ð4Þ

where P and T are the pressure and the temperature of gas in tank,
respectively. Tc and Pc represent the critical temperature and the



Table 2
Compounds abbreviations, structures and weights.

Name Abbreviation Structure Weight (g/mol)

N-methyldiethanolamine MDEA 119.16

Piperazine PZ 86.14

1-Butyl-3-methylimidazolium tetrafluoroborate [Bmim][BF4] 226.03

1-Butyl-3-methylimidazolium nitrate [Bmim][NO3] 201.23

1-Butyl-3-methylimidazolium chloride [Bmim][Cl] 174.67

Gas
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Valve 4
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Valve 2

Oil 
Bath

Oil 
Bath

Oil 
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Pressure 
Transducer

Feed 
Tank

Equilibrium 
Tank

Equilibrium 
Tank

Fig. 1. Flow diagram of experimental system.
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critical pressure, respectively. R and x denote the universal gas con-
stant and the acentric factor, respectively.
3. Results and discussion

3.1. CO2 solubility and corresponding heat analysis

The CO2 solubility in 30 wt% monoethanolamine (MEA) is mea-
sured in a temperature range from 313 to 353 K and compared
with the literature values for verifying the accuracy of the experi-
mental system. It can be found from Fig. S1 that the calculated val-
ues from a semi-empirical model (Eq. (5)) are good accordance
with the experimental values over a temperature range from 313
to 353 K. The model is used to fit the CO2 solubility data of
amine-RTILs aqueous solution in this work and expressed as fol-
lows [39]:

ln P�CO2
¼ aþ b=T þ caþ da=T þ ea2 ð5Þ

where P�CO2
denotes the equilibrium partial pressure of CO2 with a

unit of Pa. a and T represent the CO2 loading (mol/mol) and temper-
ature (T), respectively. It is supposed that P�CO2

is only a function of
temperature and CO2 loading.

The CO2 solubility in four kinds of aqueous solution, i.e.,
30 wt% MDEA + 3 wt% PZ + 67 wt% H2O, 30 wt% MDEA + 3 wt%
PZ + 10 wt% [Bmim][BF4] + 57 wt% H2O, 30 wt% MDEA + 3 wt%
PZ + 10 wt% [Bmim][NO3] + 57 wt% H2O and 30 wt% MDEA +
3 wt% PZ + 10 wt% [Bmim][Cl] + 57 wt% H2O, is measured with
temperature ranged from 313 K to 373 K and shown in Fig. 2.
Table 3 gives the regressed parameters of the model for different
absorbents in this study. It is observed obviously that an addition
of ILs decreases the CO2 solubility especially at 373 K, which
agrees well with the experimentally measured results of Xu
et al. [16]. It is implied that a higher CO2 equilibrium partial pres-
sure will exist on stripper top, which combining with low water
content of amine-ILs solvents will reduce the stripping steam
requirement as well as the latent heat of vaporization as the fol-
lowing equation [40]:

Qstrip ¼
Psat

H2OðTrich;strÞxH2O

P�CO2
ðTrich;str;arichÞ

DHvap
H2O ð6Þ

where Qstrip and DHvap
H2O represent the latent heat of vaporization and

the heat of evaporation of water with the unit of kJ/mol of CO2 and
kJ/mol of H2O, respectively. Psat

H2O (Pa) and xH2O denote the saturated
vapor pressure of water and mole fraction of water in solvents,
respectively.

Furthermore, rich and lean CO2 loading corresponding to
800 and 80 kPa from 313 K to 353 K are determined by the
model, as shown in Table 4. Lean and rich CO2 loading of every
solvent both decrease with absorb temperature increase. The
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Fig. 2. Gas–liquid equilibrium of amine-RTILs solvents. Solid lines: model predictions; scattering points: experimental data.

Table 3
Regressed value of parameters for semi-empirical model.

Absorbent a b c d e AAD (%)

MDEA + PZ 56 �17,088 �32 15,382 �4.5 16.7
MDEA + PZ + [Bmim][Cl] 54 �16,247 �32 15,533 �6.3 17.2
MDEA + PZ + [Bmim][BF4] 52 �15,131 �25 11,627 �1.0 11.9
MDEA + PZ + [Bmim][NO3] 61 �18,927 �35 16,513 �3.7 18.9

AAD ¼ 100
n

Xn

i¼1

jPexp � Pmodji
Pexp

i
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MDEA/PZ/[Bmim][BF4] shows the lowest lean CO2 loading, and the
rich CO2 loading difference in these solvents is small at 313 K.
These results illustrate that the addition of [Bmim][BF4] may
increase the CO2 cyclic capacity which is commonly used to evalu-
ate the solvent performance.

It can be given from the difference between lean and rich CO2

loading with unit of mol CO2 per kg solvent in Fig. 3. As can be seen,
the influence of ILs on the CO2 cyclic capacity (arich � alean) is
observed with a decreasing trend [Bmim][BF4] > [Bmim][Cl] >
[Bmim][NO3] from 313 K to 348 K. In addition, the MDEA/PZ/
[Bmim][Cl] has a comparable cyclic capacity to MDEA/PZ. A higher
CO2 cyclic capacity of MEA/[Bpy][BF4] than MEA has been reported
by Aspen Plus simulation, which is similar to the finding of this
work but the CO2 partial pressure is different [13]. Although the
cation and anion of ILs can effect the CO2 solubility [40–42], the
difference of the CO2 cyclic capacity can be attributed to the anions
in this work. Furthermore, it seems to be determined by free vol-
umes within the ILs [43,44]. These results demonstrate that
[Bmim][BF4] as an additive can be used to increase the CO2 cyclic
capacity for saving the sensible heat (Q sens) which can be explained
by Eq. (7) [45].

Qsens ¼
qCPDT

ðarich � aleanÞCam
ð7Þ
3.2. Heat of CO2 absorption

3.2.1. Estimation from modeling
A simplified method is usually used to estimate the overall

enthalpies of absorption, DHabs, from gas liquid phase equilibrium
data by several authors [39,46–48]. It is calculated by the following
thermodynamic equation [49]:

@ ln f i

@ð1=TÞ

� �
P;x

¼ �DHabs

R
ð8Þ

In general, the overall enthalpy of absorption consists of
non-ideal mixing enthalpy (DHmix), enthalpy of chemical reaction
(DHche) and enthalpy of physical absorption (DHphy) as follows:

DHabs ¼ DHmix þ DHche þ DHphy ð9Þ

Here three parts can be defined as following [50]:



Table 4
Rich and lean CO2 loading.

T/k MDEA + PZ MDEA + PZ + [Bmim][BF4] MDEA + PZ + [Bmim][Cl] MDEA + PZ + [Bmim][NO3]
Lean/Rich CO2 loading (molCO2/mol amine)

313 0.69/0.93 0.62/0.91 0.66/0.90 0.70/0.90
318 0.66/0.91 0.58/0.89 0.62/0.87 0.67/0.88
323 0.63/0.89 0.54/0.87 0.58/0.84 0.64/0.86
328 0.59/0.87 0.50/0.84 0.54/0.81 0.60/0.83
333 0.55/0.84 0.45/0.80 0.49/0.78 0.56/0.80
338 0.50/0.81 0.40/0.76 0.43/0.74 0.52/0.77
343 0.46/0.77 0.35/0.71 0.37/0.70 0.48/0.74
348 0.40/0.73 0.30/0.65 0.31/0.65 0.42/0.70
353 0.35/0.69 0.24/0.59 0.24/0.60 0.37/0.66
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Fig. 4. Heat of CO2 absorption. (a) Overall differential heat of CO2 absorption, and
(b) average heat of CO2 absorption.
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DHmix ¼ H0
iðliqÞ � HiðliqÞ ¼ �R

@ ln ci

@ð1=TÞ ð10Þ

DHche ¼ �R
@ ln Ki

@ð1=TÞ ð11Þ

DHphy ¼ H0
ðliqÞ � H0

ðgasÞ ¼ �R
@ ln kH

@ð1=TÞ ð12Þ

For low partial pressure, CO2 can be regarded as ideal gas. And the
non-ideal mixing enthalpy can be omitted because of little value
compared with others. Thereby, the CO2 absorption in aqueous
solutions can be divided into physical and chemical solubility corre-
sponding to the enthalpy of physical and chemical absorption. CO2

partial pressures is always assumed equal to CO2 fugacity at the
ideal gas conditions in Eq.(8).

Thus, Eq. (8) is applied to Eq. (5), which gives the following
form:

DHabs ¼ �R
dðln P�CO2

Þ
dð1=TÞ ¼ �Rðbþ daÞ ð13Þ

DHabs is only the function of CO2 loading in this model. The overall
enthalpy of absorption can be calculated by the Gibbs–Helmholtz
equation and shown in Fig. 4a. These values are differential in load-
ing and integral in temperature with a possible accurate of ±20–30%
[51]. It is clearly observed that a CO2 concentration increase leads to
a decrease on the overall enthalpy of CO2 absorption. And the
overall enthalpy of CO2 absorption in amine-RTILs solvents at the
same CO2 loading increases in the following order:
MDEA/PZ/[Bmim][BF4] < MDEA/PZ < MDEA/PZ/[Bmim][NO3].
Nonetheless, for MDEA/PZ/[Bmim][Cl], it is found to be as high as
that of MDEA/PZ/[Bmim][BF4] before 0.35 mol CO2 per mol amine
but larger than that of MDEA/PZ/[Bmim][NO3] after 0.8 mol CO2

per mol amine.

amid ¼
arich � alean

ln arich
alean

� � ð14Þ

Furthermore, the average heat of CO2 absorption in an absorber
at the log mean CO2 loading (Eq. (14)) corresponding to absorb
temperature range from 313 K to 353 K is given in Fig. 4b. As can
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be seen, the average heat of CO2 absorption increases with increas-
ing temperature for all solvents. And it increases at 313 K in the
following order: MDEA/PZ/[Bmim][BF4] < MDEA/PZ < MDEA/PZ/
[Bmim][NO3] < MDEA/PZ/[Bmim][Cl]. The CO2 absorption enthalpy
in ILs has been studied using a thermodynamic model which is
same to this study. The results reveal that cation and anion of ILs
influence the CO2 dissolution enthalpy because of the difference
of the CO2 solubility [52,53]. It was found that the CO2 dissolution
enthalpy of [Bmim][NO3] is higher than that of [Bmim][BF4] [53],
which may be used to explain the results of Fig. 4.
3.2.2. Measurement using a calorimeter
The overall enthalpies of CO2 absorption in amine-RTILs aque-

ous solution are determined at temperatures of 313 K and 333 K
using an isothermal calorimeter Setaram BT 2.15. The integral
enthalpy values of CO2 absorption in amine-RTILs aqueous solution
are given in Fig. 5.

As this figure show, the enthalpies of CO2 absorption decrease
with the CO2 loading, which is accordance with the reported
results by Helena et al. [54]. The lower enthalpies of CO2 absorp-
tion in amine-RTILs aqueous solution than those of amine aqueous
solution are observed, especially in high CO2 loading. Additionally,
amine-[Bmim][BF4] aqueous solution shows the lowest enthalpies
of CO2 absorption at 313 K after high CO2 loading with 0.4 mol/
mol, which may be induced by the CO2 physical absorption in
amine-RTILs aqueous solution. A lower enthalpies of CO2 absorp-
tion in amine-[Bmim][BF4] aqueous solution at 333 K are also
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Fig. 5. Direct measured results of reaction heat at (a) 313 K and (b) 333 K.
observed. Meanwhile, it was found that the CO2 absorption enthal-
pies of amine-ILs aqueous solution are higher than those of amine
aqueous solution at low CO2 loading. The hydrogen bonding
between the cation and the MEA molecule is a major influence
on the thermodynamic behavior of the binary mixtures of mono-
ethanolamine (MEA) and two ILs [15]. Hence, a possible reason
for the phenomenon is that the experimental conditions and the
intermolecular forces between amine, ILs and CO2 can change the
thermodynamic behavior. The experimental results and the esti-
mated results from Fig. 4 show that the heat of absorption of CO2

in amine-RTILs aqueous solution is affected by adding ILs, which
imply that the heat of absorption of CO2 can be tuned by the choice
of anions of ILs.

3.3. Physical solubility in amine-RTILs solvents and corresponding
enthalpy

3.3.1. Physical solubility
The dissolution of the gaseous CO2 into the solution and reach

equilibrium between gas phase and liquid phase is physical
solubility.

CO2ðgasÞ ¼ CO2ðliqÞ ð15Þ

Henry’s law is commonly used to depict the process as follows:

PyCO2
uCO2

¼ kHxCO2cCO2
exp

m1CO2
ðP � PSat

H2OÞ
RT

" #
ð16Þ

Here P, yCO2
and uCO2

respectively represent the total pressure, the
CO2 mole fraction and the CO2 fugacity coefficient in the vapor
phase. kH is the CO2 Henry’s law constant in aqueous solution.
xCO2 and cCO2

denote the equilibrium CO2 mole fraction in the liquid
phase and the CO2 activity coefficient in the amine-RTILs solvents.
The Poynting correction can be ignored at low pressure.

The N2O analogy for the CO2 physical solubility in amine-RTILs
solutions is given by the following relations:

HCO2�solvent ¼
HCO2�H2O

HN2O�H2O

� �
�HN2O�solvent ð17Þ

where HCO2�solvent and HN2O�solvent denote the physical solubility of
CO2 and N2O in amine-RTILs solvents with uniform unit of
kPa�m3�kmol�1, respectively. The available solubility data for CO2

and N2O in water was proposed by Versteeg and van Swaaij as
the following correlations [55]:

HCO2�H2O ¼ 2:8249� 106 expð�2044=TÞ ð18Þ

HN2O�H2O ¼ 8:547� 106 expð�2284=TÞ ð19Þ

The solubility of N2O in water is measured with the same appa-
ratus (Fig. 1) to validate it. The measured solubility of N2O in water
from 298 K to 328 K along with the calculated results from Eq. (19)
and literature results are shown in Fig. S2. There is an excellent
agreement between values obtained in this study and literature
results as well as calculated values using Eq. (19).

The calculated solubility of CO2 by Eq. (17) and measured solu-
bility of N2O in amine-RTILs solvents with temperature from about
299 K to 339Kare presented in Fig. 6. The solubility of N2O and CO2

has been found to decrease with increase in temperature, which
agreed well with that reported by Mandal et al. [56] and
Samanta et al. [57]. The addition of ionic liquids decreases the
physical solubility of N2O, but for CO2, an addition of
[Bmim][BF4] increases it. It has the highest CO2 physical solubility
in amine-RTILs solvent with inorganic fluorinated anions which
may be ‘‘CO2-philic’’, but least soluble in other two amine-ILs
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solvents with nonfluorinated anions, indicating anions of ILs can be
selected to tailor amine aqueous solution for improving solubility.

3.3.2. Enthalpy of physical absorption
The temperature dependency of the Henry’s law constant given

by Weiland et al. [55] can be expressed in the following form:

ln kH ¼ Aþ B
T
þ C ln T þ DT þ ET2 ð20Þ

For calculating enthalpy of physical absorption from the Henry’s
law constant, the well-known Van’t Hoff equation is used, which
can be derived from the Gibbs–Helmholtz equation and written
explicitly as follows:
Table 5
Coefficients for the Henry’s law constant used in this work.

Parameter MDEA + PZ MDEA + PZ + [Bmim][Cl] MDEA +

A �3109.563 �68.334 �10.917
B 93683.947 �58399.4 �107,38
C 518.134 143.3736 237.659
D �0.2693 �2.4779 �4.5461
E �0.0007 0.0023 0.0043
Ref This work This work This wo
d ln kH

dT

� �
p

¼ DHphy

RT2 ð21Þ

Thus, Eq. (20) is substituted in Eq. (21), the enthalpy of physical
absorption can be written as:

DHphy ¼ Rð�Bþ CT þ DT2 þ 2ET3Þ ð22Þ

In order to calculate the enthalpy of CO2 physical absorption,
coefficients for the Henry’s law constant on mole fraction basis in
Eq. (20) are needed and given in Table 5.

In Fig. 7(a), correlation of water given by Chen et al. [58] is com-
pared with those experimentally regressed relations of
amine-RTILs solvents. And corresponding enthalpy of physical
absorption as a function of temperature is shown in Fig. 7(b).
PZ + [Bmim][BF4] MDEA + PZ + [Bmim][NO3] H2O

7404.605 170.713
5 55105.31 �8477.711

�1863.14 �21.9574
13.5436 0.0058
�0.0112 0

rk This work Chen et al.[58]
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Enthalpy data differential in temperature, in Fig. 7(b), and the aver-
age values show the following trends: MDEA/PZ/[Bmim][BF4]
(8.07 kJ/mol) < MDEA/PZ/[Bmim][Cl] (10.03 kJ/mol) < MDEA/PZ
(11.55 kJ/mol) < MDEA/PZ/[Bmim][NO3] (15.19 kJ/mol), which
implies that ILs can be chosen to tailor the CO2 physical absorption
enthalpy. The experimental results from this work demonstrate
that ILs especially with fluorinated anions can be used as additives
to save energy consumption by reducing the enthalpy of CO2 phys-
ical absorption. The results also show that the presence of favor-
able molecular interactions between the anion of the ILs, amine
and CO2 can change the thermodynamic behavior of CO2 capture
process.

In effect, it has been proposed that ILs may be used to save CO2

capture energy consumption because of their low heat capacity
and nonvolatile [13,26,27,34]. However, it is insufficient that sim-
ulated results were used to prove it. The overall experimental
results of this work show that high CO2 partial pressure at stripper
top, high CO2 cyclic capacity and low heat of CO2 absorption for
amine-[Bmim][BF4] aqueous solution are observed, different with
other two amine-ILs aqueous solution, indicating that the anion
of ILs can be selected to reduce the corresponding latent heat of
vaporization, the sensible heat and reaction heat of CO2 capture.
4. Conclusions

An ionic liquids tailored amine aqueous absorbent for CO2 cap-
ture in IGCC process is developed. Three different
imidazolium-based ionic liquids, [Bmim][BF4], [Bmim][Cl] and
[Bmim][NO3], are selected to tailor MDEA/PZ aqueous solution
for study the role of ILs on CO2 capture. The experimental results
showed that the influence of ILs on the CO2 cyclic capacity is
in accordance with the decreasing trend MDEA/PZ/[Bmim][BF4] >
MDEA/PZ/[Bmim][Cl] 	MDEA/PZ > MDEA/PZ/[Bmim][NO3], which
illustrates that an addition of [Bmim][BF4] decreases the sensible
heat. In addition, Gibbs–Helmholtz equation estimated results
and calorimeter measured results showed that the enthalpy of
CO2 absorption is affected by ILs. The low overall and physical
enthalpy of CO2 absorption is observed for MDEA/PZ/[Bmim][BF4]
because of the highest CO2 physical solubility and corresponding
to a lowest average enthalpy of CO2 dissolution reaction. These
results in this work imply that ILs can be used to tailor the amine
aqueous solution to save the overall CO2 regeneration energy con-
sumption for carbon capture in an IGCC process by the choice of
anion species.
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