
3222

Korean J. Chem. Eng., 33(11), 3222-3230 (2016)
DOI: 10.1007/s11814-016-0180-9

pISSN: 0256-1115
eISSN: 1975-7220

INVITED REVIEW PAPER

†To whom correspondence should be addressed.
E-mail: 21yoon@kier.re.kr
‡This article is dedicated to Prof. Sung Hyun Kim on the occasion
of his retirement from Korea University.
Copyright by The Korean Institute of Chemical Engineers.

CO2 absorption characteristics of a piperazine derivative with primary,
secondary, and tertiary amino groups

Jeong Ho Choi*,
**, Young Eun Kim*, Sung Chan Nam*, Soung Hee Yun*, Yeo Il Yoon*,†, and Jung-Hyun Lee**

*Green Energy Process Laboratory, Climate Change Research Division, Korea Institute of Energy Research,
152, Gajeong-ro, Yuseong-gu, Daejeon 34129, Korea

**Department of Chemical & Biological Engineering, Korea University, 5-1 Anam-dong, Seongbuk-gu, Seoul 02841, Korea
(Received 25 March 2016 • accepted 24 June 2016)

Abstract−Thermodynamic and kinetic data are important for designing a CO2 absorption process using aqueous
amine solutions. A piperazine derivative, 1-(2-aminoethyl)piperazine (AEP), was blended with aqueous amine solu-
tions due to its thermal degradation stability, high CO2 loading (mole of CO2-absorbed per mole of amine) and high
solubility in water. In this study, the vapor liquid equilibrium (VLE), absorption rate, and species distribution of aque-
ous AEP solutions were studied to develop an optimum amine solution in a post-combustion capture process. The
VLE and apparent absorption rate of the aqueous 30 wt% AEP solution were measured using a batch-type reactor at
313.15, 333.15, and 353.15 K. The AEP exhibited approximately twice higher CO2 loading compared with monoetha-
nolamine (MEA) at all temperatures. The apparent AEP absorption rate (kapp=0.1 min−1) was similar to that of dietha-
nolamine (DEA) at 333.15 K. Speciation of the CO2-absorbed AEP was analyzed using 13C NMR. Although AEP
featured a primary amino group and secondary amino group, it did not form bicarbamate upon reaction with CO2
based on analysis results. AEP-1-carbamate was primarily formed by reactions between AEP and CO2 during the ini-
tial reaction. Bicarbonate species formed as the quantity of absorbed CO2 increased.

Keywords: Carbon Dioxide, CO2 Absorption, Piperazine Derivatives, Vapor Liquid Equilibrium, CO2 Apparent Absorp-
tion Rate

INTRODUCTION

As the greenhouse gas concentration increases in the atmo-
sphere, various problems caused by global climate change are aris-
ing globally [1]. Carbon dioxide (CO2), one of the six major green-
house gases, can be controlled through carbon capture and stor-
age (CCS) technologies. CO2 capture technologies can be classified
into three categories: pre-combustion, post-combustion, and oxy-
fuel combustion [2,3]. Absorption (wet or dry systems), adsorp-
tion, membranes, cryogenics, hydrates, and other processes have
been studied for CO2 separation and capture from flue gas, and
each process has advantages and disadvantages [4,5].

Studies on CO2 absorption have been conducted for various
aspects, such as absorption capacity, absorption rate, reaction heat,
degradation of absorbent, and corrosion [6-9]. Monoethanolamine
(MEA), which is widely used in commercial processes, exhibits a
faster reaction rate with CO2 than other alkanolamine absorbents,
such as diethanolamine (DEA), methyldiethanolamine (MDEA),
and 2-amino-2-methyl-1-propanol (AMP). However, the manu-
facturing and operating costs of MEA processes can be increased
due to various disadvantages, such as a high absorbent makeup

rate through thermal and oxidative degradation and vaporization,
high corrosion of equipment, low absorption capacity, and high
regeneration energy required for absorbent regeneration at the de-
sorber [10,11]. Many researchers have attempted to improve CO2

absorption performance over conventional alkanolamines [12,13].
Enhancements were achieved from developing materials and pro-
cesses. Several researchers have focused on studying materials, in-
cluding synthesized absorbents and blended absorbents. Other re-
searchers studied design, operation, and optimization of the pro-
cesses. In addition, degradation, corrosion and their inhibitors have
been studied to successfully operate the process at a low cost [14-17].

Recently, an aqueous 1-(2-aminoethyl)piperazine (AEP) solu-
tion emerged as a new absorbent; AEP is a cyclic amine that in-
cludes a primary, a secondary, and a tertiary amino group in a mole-
cule. The AEP molecule exhibits desirable physical properties, such
as a high boiling point (491.15-495.15 K), low vapor pressure (0.05
hPa at 295.15 K) and good solubility in water (fully miscible). Sev-
eral researchers have demonstrated the advantages of an aqueous
AEP solution compared with conventional amines (MEA, DEA,
MDEA etc.). Du et al. [18] proposed that a novel blend of pipera-
zine (PZ) with AEP exhibited superior absorbency for CO2 capture
[18]. Aqueous PZ/AEP showed high CO2 loading and stable deg-
radation resistance without the precipitation problem of highly con-
centrated PZ. Du and Rochelle [19] studied a thermodynamic model
in the framework of electrolyte nonrandom two-liquid (eNRTL)
activity coefficient model to predict CO2 loading, speciation and
volatility for an aqueous PZ/AEP solution. The heat of reaction for
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6 m AEP (50-70 kJ/mol CO2) was less than 5 m PZ/2 m AEP (75-
85 kJ/mol CO2) [19]. Rate constants, VLE and other physical data
are used to improve mathematical models for CO2 absorption
processes [20,21]. Furthermore, the improved models can eluci-
date the treated systems and, thereby, increase confidence in the
proposed technological concept [20].

In this study, the absorption capacity, absorption rate, and ab-
sorption mechanism of CO2 in an aqueous AEP solution were in-
vestigated because only limited information on the AEP solution
CO2 absorption exists. CO2 loading and apparent absorption rate
of the AEP solution were measured using a vapor liquid equilib-
rium (VLE) apparatus to evaluate the CO2 absorption performance,
and the results were compared with MEA, which is a representa-
tive commercialized absorbent. In addition, the species distribu-
tions between CO2 and absorbent were analyzed using nuclear
magnetic resonance (NMR) and mass spectrophotometry (MS).
Verifying the species is important for understanding the absor-
bents’ characteristics [22,23].

REACTION MECHANISM

The AEP includes primary, secondary, and tertiary amino groups
in the molecule. Therefore, it was expected to show all the CO2

absorption characteristics of primary, secondary, and tertiary amines.
The single amine CO2 absorption mechanisms are presented in
the following sections, 1 and 2, to clarify the AEP characteristics.
1. Primary and Secondary Amines

The amine and CO2 reaction mechanism has been studied by
various researchers [24-29]. Kenig et al. [29] presented an over-
view of the CO2 absorption mechanism for primary (RNH2), sec-
ondary (R2NH), and tertiary amines (R3N) [29]. The reaction mech-
anisms between CO2 and alkanolamines (primary and secondary)
were originally proposed by Caplow [24] and Danckwerts [25].
Danckwerts [25] explained that two molecular reactions form a
zwitterion; and the zwitterion becomes a carbamate as protons are
eliminated by a base (B), such as RNH2, H2O. This CO2 absorp-
tion mechanism comprises the following two steps.

CO2+RNH2↔RNH2
+COO− (1)

RNH2
+COO−+B↔RNHCOO−+BH+ (2)

The zwitterion mechanism was validated through molecular
modeling, and Xie et al. [26] measured the CO2 absorption reac-
tion of an aqueous primary amine solution [26]. A polarizable con-
tinuum model and a micro-kinetic model were used to confirm
an intermediate in the system. Based on the previous studies, pri-
mary and secondary amines formed a carbamate intermediate for
CO2 reaction.

The overall reaction for primary and secondary amines with
CO2 is as follows.

CO2+RNH2+B↔RNHCOO−+BH+ (3)

2. Tertiary Amine
Tertiary amines feature high absorption capacity, low regenera-

tion energy, and high degradation stability. The tertiary amine reacts
with CO2, which only forms bicarbonate species. Absorbents that

form bicarbonate species feature a lower regeneration energy and
higher absorption capacity than primary and secondary amine-
forming carbamate species. Barzagli et al. [30] studied CO2 absorp-
tion and desorption for the DEA and MDEA, which showed that
the tertiary amine, MDEA, was more stable against degradation
than the secondary amine, DEA [27]. The overall reaction of the
tertiary amine with CO2 is selective formation of bicarbonate, as
represented in Eq. (4).

R1R2R3N+CO2+H2O↔R1R2R3NH++HCO3
− (4)

As mentioned above, amino groups and CO2 exhibit different
intermolecular interactions. Numerous studies have used NMR
analyses to investigate primary, secondary and tertiary amines and
verify the CO2 absorption mechanism [30,31]. In addition, differ-
ent types of amines were mixed, and their characteristics were
reviewed.

EXPERIMENTAL

The reagents, AEP (purity: 99%) and MEA (purity: 98%), were
obtained from Sigma-Aldrich. Each reagent was used without fur-
ther refinement and mixed with deionized water at a 30 wt% con-
centration.
1. Vapor Liquid Equilibrium

A VLE apparatus equipped with a magnetic stirrer was used to
measure the CO2 pressure over time. The data were used to calcu-
late the CO2 loading (mole of CO2 absorbed per mole of amine)
and apparent absorption rate. The apparatus configuration is shown
in a previously published paper [32], and CO2 (99.99 vol%) was
used as the feed gas for the VLE apparatus.

The reservoir was filled with CO2 and preheated to 313.15 K in
a water bath prior to supplying the reactor, and the experiments
were conducted in the reactor at 313.15, 333.15 and 353.15 K, re-
spectively. A K-type thermocouple was used to measure the inter-
nal temperatures of the reservoir and reactor. A pressure sensor,
PSHFC model (range: −1-10 kgf/cm2) from Sensys with the preci-
sion 0.001 kgf/cm2 was used to measure the reservoir and reactor
gas pressures. One hundred milliliters of absorbent was supplied
to each reactor. After the absorbent was injected into the reactor,
the reactor was connected to a vacuum pump to remove residual
gas, and CO2 gas was injected into the reactor after reaching a
constant reactor temperature.

In addition, the absorbent was stirred at a constant rate of 170
rpm to maximize the effective interfacial area of CO2 and absor-
bent and minimize the surface resistance of mass transfer. The
reactor pressure decreased with the CO2 pressure as the reaction
proceeded, and the reaction reached an absorption equilibrium
when the pressure deviation was constant for more than 1 hour.
The CO2 equilibrium partial pressure was computed by measur-
ing the pressure when equilibrium was reached, and CO2 was
added to the reactor after it reached the first equilibrium. This
process was repeated several times until the maximum saturation
point was reached and no more CO2 could be absorbed.
2. Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance spectroscopy, Avance 500 MHz
from Bruker, was used to identify the absorbent species. Deute-
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rium oxide (D2O) (99.99%) was used as the solvent for the NMR
measurements and was purchased from Sigma-Aldrich, and 1.4-
dioxane was used as an external reference for the 13C NMR analy-
ses. The 1.4-dioxane peaks were observed at δ=67.0 ppm in the
13C NMR spectrum. The absorbent species distribution was ana-
lyzed based on the change in CO2 loading.
3. Mass Spectroscopy

Mass spectroscopy (MS) and NMR were used to confirm the
absorbent species distribution. The absorbent sample was diluted
1000-fold with deionized water and directly infused into an MS
instrument (LCQ Deca XP Plus from Thermo Scientific) using
the following parameters: infusion flow rate (3 L/min), electro-
spray voltage (5.0 kV), capillary temperature (548.15 K), and capil-
lary voltage (15 V). Zoom scans, MS/MS scans, and MS/MS/MS
scans were acquired for the ions of interest. For the MS/MS or
MS/MS/MS analyses, collision-induced dissociation (CID) with a
normalized collision energy of 35% was used.

RESULT AND DISCUSSION

1. Vapor Liquid Equilibrium
The equilibrium partial pressure of CO2 (P*

CO2) within the reac-
tor was calculated by subtracting the initial pressure (P0) from the
equilibrium pressure (P*) upon absorption equilibrium, as delin-
eated in Eq. (5).

(5)

As shown in Eq. (6), moles of injected CO2 are computed by
subtracting the pressure of the reservoir, after the CO2 has been
injection into the reactor, from the initial pressure of the reservoir,
and multiplying the difference by the volume of the reservoir and
dividing the product of the multiplication by RT. As shown in Eq.
(7), moles in the gas of the reactor, when the equilibrium has been
reached, are computed by subtracting the initial pressure of the
reactor, which is a vacuum, from the final pressure of the reactor
and multiplying the difference by the volume of the gas, and
dividing the product of the multiplication by RT, and then finally
applying the resulting value into the ideal gas equation. It was as-
sumed that CO2 behavior as an ideal gas in the VLE experiments.
The moles of absorbed CO2 in the absorbent can be calculated by
the Eq. (8).

(6)

(7)

(8)

The quantity of chemically absorbed CO2 in the absorbent can
be represented by CO2 loading, which is the moles of absorbed
CO2 per mole of amine and is expressed as Eq. (9).

(9)

The apparent absorption rate (kapp) for CO2 can be calculated using
Eqs. (10), (11) [33], which was calculated as half of the final time

(t1/2).

(10)

(11)

For Eq. (10), C is the difference between the initial CO2 pressure
(P0

CO2) and equilibrium pressure (P*

CO2) of the reactor. The appar-
ent absorption rate was computed with respect to the point at
which the pressure dropped to half of the equilibrium pressure
(PCO2(1/2)).

The apparent absorption rate for the amine and CO2 followed a
pseudo-first-order reaction.

For the MEA, CO2 loading was limited to α=0.60 (mol CO2/
mol MEA) at 333.15 K, whereas AEP showed high CO2 loading at
α=1.27 (mol CO2/mol AEP) for the same temperature. The rela-
tionship between CO2 loading and equilibrium partial pressure of
CO2 is illustrated in Fig. 1. In contrast to the data from Choi et al.
[34], the apparent absorption rate for AEP was similar to DEA
[34]. Each CO2 loading and apparent absorption rate is listed in
Table 1. As Fig. 2 shows, the AEP absorption rate of AEP is slower
than MEA and is similar to DEA and AEP. For AEP, the CO2

loading was approximately twice greater than MEA at all tempera-
tures, and AEP exhibited excellent CO2 absorption characteristics
for the CO2 loading and absorption rate. AEP also exhibited high
stability against thermal degradation compared with MEA [18].
Therefore, AEP can likely replace MEA as an absorbent. Further-
more, the results can be applied to predict a process design model.
2. Speciation
2-1. Nuclear Magnetic Resonance Spectroscopy

When an excited nucleus returns to the ground state, the pro-
cess is referred to as relaxation. Spin-lattice relaxation and spin-spin
relaxation are detected through NMR, and each arises through a
first-order rate process and can be characterized by the relaxation
time that dominates the dissipation rate. Ciftja et al. [35] revealed
that a sufficient relaxation time is important for determining the

PCO2

*

 = P*

 − P0
( )

nSCO2
 = 

PSi − PSt( ) VS×

RTS
--------------------------------

nRCO2
 = 

PRi − PRt( ) VR×

RTR
----------------------------------

nabsorbedCO2
 = nSCO2

 − nRCO2

CO2 loading = 

nabsorbedCO2

namine
---------------------

PCO2 1/2( )  − PCO2

*( )  = − Kapp t + C⋅ln

Kapp = 
− PCO2 1/2( ) − PCO2

*( )/ PCO2

0
 − PCO2

*( )[ ]ln
t1/2

-----------------------------------------------------------------------------------

Fig. 1. VLE between CO2 and aqueous 30 wt% amine solution. Cir-
cle: AEP solution; quadrangle: MEA solution; and inverted
triangle: DEA [34] solution, black: 313.15 K, gray: 333.15 K,
and white: 353.15 K.
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magnitude (intensity) of the peaks in NMR. Pulse D1=~5-6×T1
(D1: relaxation delay time, T1: relaxation time), and NS=300 (NS:
number of scans) have been proposed for using the inverse gated
decoupling method [35]. Therefore, we measured the 13C NMR
relaxation time prior to the experiment to determine the relax-

Table 1. CO2 loading and apparent absorption rate of aqueous AEP solutions at 313.15, 333.15, and 353.15 K
CO2 loading (mole CO2/mole amine) Apparent absorption rate, kapp (min−1)

313.15 K 333.15 K 353.15 K 313.15 K 333.15 K 353.15 K
MEA 0.71 0.60 0.56 0.12 0.24 0.35
DEA [34] 0.91 0.77 0.65 0.08 0.10 0.12
AEP 1.50 1.29 1.20 0.05 0.10 0.16

Table 2. NMR analysis parameters at room temperature (298.15 K)
1H NMR 13C NMR

Analysis
parameter

Number of scans 32 64
Acquisition time 3.172 s 1.091 s
Relaxation delay time 1 s 60 s
Dwell time 48.4 µs 16.65 µs

Fig. 2. Absorption rate of CO2 into aqueous 30 wt% amine solu-
tions. Circle: AEP solution; quadrangle: DEA [34] solution;
and inverted triangle: MEA solution, black: 313.15 K, red:
333.15 K, and green: 353.15 K.

Fig. 3. Molecular structures of species in the CO2-absorbed aque-
ous AEP solution.

Fig. 4. 13C NMR spectra of the AEP-H2O-CO2 system at 333.15 K; (a) high field and (b) low field.
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ation time required for the analysis. A longer time period than the
relaxation time is necessary to measure 13C NMR, and a quantita-
tive analysis of the experiments provided inaccurate information.
Therefore, we selected analytical conditions based on prior experi-
ments and published papers. The 13C NMR analytical conditions
used in the experiment are listed in Table 2. In addition, we mea-
sured two-dimensional (2D) NMR to discern interactions due to
long range coupling of AEP, but no long range coupling occurred.
Preliminary research showed that the quantitative 13C NMR analy-
sis would verify the species’ behavior; AEP verified the behavior
through 13C NMR based on numerous overlapping 1H NMR phe-

nomena. The species that formed as the reaction proceeded are
illustrated in Fig. 3. The location can be determined using Fig. 4,
and more detailed locations are listed in Table 3. The AEP-1-car-
bamate peak manifested at a high field (δ=36.89-37.03 ppm) and
a low field (δ=164.18-164.21 ppm), which is illustrated in Fig. 4.
Primary amines were expected to be noticeably active during the
initial phase of the reaction, and, as predicted, AEP-1-carbamate
formation was observed during the initial phase of the reaction. This
research is based on quantitative 13C NMR, and the relative quantity
of carbamate formed at the low field was verified, which showed
that the quantity of AEP-7-carbamate increased as the reaction pro-
ceeded. The increase in AEP-1-carbamate and AEP-7-carbamate
was minimal at α=0.71 (CO2 loading), and bicarbonate-type spe-

Table 3. Chemical shifts in the AEP 13C NMR spectra at 333.15 K
Peak location, δ (area)

Free AEP AEP-1-carbamate AEP-7-carbamate Carbonate
bicarbonate

CO2

loading 1 2 3 4 5 6 7 8 13 9 10 11 12 14 15

0.172 59.49
(1.00)

52.70
(1.96)

43.86
(1.81)

36.89
(1.03)

57.95
(0.15)

52.55
(overlap)

43.39
(overlap)

37.72
(0.15)

164.18
(0.14)

162.80
(0.04)

0.348 58.47
(0.99)

52.34
(1.96)

43.78
(1.93)

36.67
(1.00)

57.86
(0.38)

52.21
(0.76)

43.71
(0.80)

37.71
(0.36)

164.19
(0.41)

58.13
(0.08)

52.56
(0.19)

43.41
(0.19)

36.80
(0.08)

162.79
(0.15)

0.484 57.56
(1.16)

51.95
(2.09)

43.69
(2.04)

36.49
(1.00)

57.77
(0.57)

51.85
(1.30)

43.58
(1.29)

37.69
(0.32)

164.20
(0.66) 57.29 52.53

(0.39)
43.42
(0.32)

36.61
(0.15)

162.80
(0.22)

0.707 56.00
(1.00)

51.07
(overlap)

43.51
(2.05)

36.21
(1.00)

57.58
(1.18)

51.07
(overlap)

43.32
(2.30)

37.66
(1.01)

164.19
(1.23)

55.96
(overlap)

52.47
(0.97)

43.44
(overlap)

36.34
(0.35)

162.77
(0.51)

162.67
(0.08)

0.833 55.10
(1.00)

50.50
(2.11)

43.39
(2.10)

36.08
(overlap)

57.45
(1.07)

50.43
(2.13)

43.13
(2.17)

37.64
(1.08)

164.20
(1.59)

55.23
(0.70)

52.45
(1.42)

43.21
(0.73)

36.08
(overlap)

162.75
(0.73)

161.95
(0.24)

1.020 54.10
(0.77)

49.78
(1.69)

43.24
(1.56)

35.96
(overlap)

57.28
(0.76)

49.54
(1.53)

42.91
(2.38)

37.60
(0.70)

164.22
(1.27)

54.48
(0.60)

52.38
(1.25)

43.46
(0.44)

35.96
(overlap)

162.63
(0.41)

160.96
(0.55)

1.246 53.69
(0.61)

49.46
(1.30)

43.18
(1.16)

37.03
(overlap)

57.20
(1.07)

49.46
(overlap)

42.81
(1.10)

37.62
(0.62)

164.21
(0.91)

54.21
(0.26)

52.26
(0.43)

42.42
(0.42)

37.03
(overlap)

162.37
(0.27)

160.49
(0.98)

Fig. 5. Species distribution for AEP 30 wt% at 333.15 K. Symbols.
Quadrangle: free AEP; Inverted triangle: AEP-1-carbamate;
Circle: AEP-7-carbamate; diamond: bicarbonate/carbonate. Fig. 6. MS spectrum for a CO2-saturated AEP solution.
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cies were formed. When primary, secondary, and tertiary amino
groups were mixed, the results show that the reactivity of the pri-
mary amine was most apparent and the reactions occurred in the
order of secondary and tertiary functional groups as the reaction
proceeded. The related species distribution ratio was calculated
from the integrated value for the 13C NMR quantity and detailed
species distribution for the AEP and CO2 reaction shown in Fig. 5.
2-2. Mass Spectrometry

MS and 13C NMR were used to verify the species expected in

the absorbents. The MS spectrum of CO2-saturated AEP is shown
in Fig. 6; the 100-400 mass to charge ratio (m/z) scan method was
used. The expected molecular weights are as follows: AEP=129.2,
protonated AEP [AEP+H]+=130.2, AEP carbamate [AEP+CO2+H]+

=174.2, and [AEP-NH3+H]+=113.2. AEP carbamate was also ob-
served in the 13C NMR high field. But, AEP bicarbamate, the for-
mation of which was expected as two CO2 molecules were attached
to AEP, did not form based on the MS spectra (molecular weight
of [AEP+2CO2+H]+=218.2). Materials observed in the MS spec-

Fig. 7. Separation patterns of free AEP in a CO2-saturated AEP solution: (a) [AEP+H]+=130.2 (MS), (b) [AEP-NH3+H]+=113. 0 (MS/MS)
and (c) [AEP-NH3-CO2+H]+=84.1 (MS/MS/MS).
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trum with a molecular weight of 200 or higher were assumed to
originate from AEP urea formation, but this molecular weight was
not observed in 13C NMR; thus, only trace levels must have formed.
Therefore, AEP urea formation was excluded from the reaction
products. From the MS/MS and MS/MS/MS analysis results, skel-

etal structure fragmentation was observed as illustrated in Figs. 7
and 8. The free AEP fragment split ([AEP+H]+=130.2) using the
120-200 m/z scan method is shown Fig. 7(a). The free AEP frag-
ment splits clearly appeared in the MS/MS (Fig. 7(b)) and MS/
MS/MS experiments (Fig. 7(c)). First, a [AEP-NH3+H]+=113.0

Fig. 7. Continued.

Fig. 8. Separation pattern of carbamate in a CO2-saturated AEP solution: (a) [AEP+CO2+H]+=174.1 (MS), (b) [AEP+H]+=130.1 (MS/MS)
and (c) [AEP-NH3+H]+=113. 0 (MS/MS/MS).
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peak is shown in Fig. 7(b) as an amino group in the separated free
AEP. Second, [AEP-NH3-2CH3+H]+=84 is also shown in Fig. 7(c)
as two methyl groups at [AEP-NH3+H]+=113.0, which were sepa-
rated. Therefore, the free AEP was assigned to the 130.2 m/z peak
in the MS analysis. The [AEP+CO2+H]+=174.1 peak in Fig. 8(a)
was analyzed using the same method. A CO2 molecule in [AEP+
CO2+H]+=174.1 is easily separated under the MS ion conditions.
As a result, [AEP+H]+=130.1 and [AEP-NH3+H]+=113.0 fragment
splits appeared in Fig. 8(b) and Fig 8(c), respectively. The MS

results confirm that the reaction between CO2 and AEP formed
AEP carbamate, which is consistent with the NMR results.

CONCLUSIONS

The CO2 absorption characteristics of an aqueous AEP solu-
tion, which features primary, secondary, and tertiary amino groups,
were studied by comparing the solution to the representative com-
mercial amine, MEA. The results at 333.15 K showed that AEP

Fig. 8. Continued.
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exhibits 2.2-fold greater CO2 loading than MEA. The apparent
absorption rate for AEP was similar to DEA. Further, NMR and
MS analysis methods were used to confirm the behavior of an
aqueous AEP solution when it absorbed CO2. The experimental
results show that AEP exhibits all the characteristics of primary,
secondary, and tertiary amines. However, interestingly, a bicarba-
mate of AEP did not form, and AEP-1-carbamate or AEP-7-car-
bamate was selectively formed. At the high CO2 loading, bicarbonate
was formed. Three different amino groups in the AEP reacted
with CO2 in following the order: primary>secondary>tertiary. The
AEP exhibited excellent CO2 absorption characteristics, including
CO2 loading and the absorption rate. Furthermore, AEP also
exhibited high stability for thermal degradation compared with
MEA [18]. Therefore, AEP could be expected to replace MEA as
an absorbent. However, additional researches are still needed to
replace the absorbent as physical properties, oxidative degradation,
nitrosamine formation, foaming potential, mass transfer under
absorber conditions and CO2 cyclic capacity.

ACKNOWLEDGEMENTS

This work was supported by the Energy Demand Manage-
ment Technology Program of the Korea Institute of Energy Tech-
nology Evaluation and Planning (KETEP), granted financial resource
from the Ministry of Trade, Industry and Energy, Republic of Korea
(No. 20152010201940).

REFERENCES

1. A. Albo, P. Luis and A. Irabin, Ind. Eng. Chem. Res., 49, 11045
(2010).

2. G. Marland, T. A. Boden and R. J. Andres, Global, regional, and
national CO2 emissions, Trends: A compendium of data on global
change, Statistical Review of World Energy (2010).

3. R. Allam and O. Bolland, IPCC special report: Carbon dioxide
capture and storage, IPCC Working Group III (2005).

4. R. Thiruvenkatachari, S. Su, H. An and X. X. Yu, Prog. Energy
Combust. Sci., 35, 438 (2009).

5. A. J. Applehy and F. R. Foulkes, Fuel Cell Handbook, Van Nos-
trand Reinhold, New York (1989).

6. C. Han, K. Graves, J. Neathery and K. Liu, Energy Environ. Res., 1,
67 (2011).

7. Y. E. Kim, J. H. Choi, S. C. Nam and Y. I. Yoon, Ind. Eng. Chem.
Res., 50, 9306 (2011).

8. J. Davison, Energy, 32, 1163 (2007).
9. F. Closmann, T. Nguyen and G. T. Rochelle, Energy Procedia., 1,

1351 (2009).

10. D. Singh, E. Croiset, P. L. Douglas and M. A. Douglas, Energy Con-
vers. Manage., 44, 3073 (2003).

11. R. Davy, Energy Procedia, 1, 885 (2009).
12. M. H. Li and K. P. Shen, Fluid Phase Equilib., 85, 129 (1993).
13. M. D. Cheng, A. R. Caparanga, A. N. Soriano and M. H. Li, J.

Chem. Thermodyn., 742, 342 (2010).
14. F. Y. Jou, A. E. Mather and F. D. Otto, Can. J. Chem. Eng., 73, 140

(1995).
15. A. Veawab, P. Tontiwachwuthikul and A. Chakma, Ind. Eng. Chem.

Res., 38, 3917 (1999).
16. A. Veawab, P. Toniwachwuthikul and S. D. Bhole, Ind. Eng. Chem.

Res., 1, 36 (1997).
17. P. Singh, D. W. F. Brilman and M. J. Groeneveld, Energy Procedia,

1, 1257 (2009).
18. Y. Du, L. Li, O. Namjoshi, A. K. Voice, N. a. Fine and G. T.

Rochelle, Energy Procedia., 37, 1621 (2013).
19. Y. Du and G. T. Rochelle, Energy Procedia, 63, 997 (2014).
20. R. Zhang, E. P. Bonnin-Nartker, G. A. Farthing, L. Ji, M. G. Klidas,

M. E. Nelson and L. M. Rimpf, Energy Procedia., 4, 1660 (2011).
21. Y. Zhang, Ind. Eng. Chem. Res., 50, 163 (2011).
22. P. Jackson, K. J. Fisher and M. I. Attalla, Am. Soc. Mass. Spectrom.,

22, 1420 (2011).
23. M. S. Islam, R. Yusoff and B. S. Ali, Engineering e-Transaction., 2,

97 (2010).
24. M. Caplow, J. Am. Chem. Soc., 90, 6795 (1968).
25. P. V. Danckwerts, Chem. Eng. Sci., 34, 443 (1979).
26. H.-B. Xie, Y. Zhou, Y. Zhang and J. K. Johnson, J. Phys. Chem. A.,

114, 11844 (2010).
27. F. Barzagli, F. Mani and M. Peruzzini, Energy Environ. Sci., 2, 322

(2009).
28. A. K. Chakraborty, K. B. Bischoff, G. Astarita and J. R. Dame-

wood, Jr., J. Am. Chem. Soc., 110, 6947 (1988).
29. D. Prakash, E. Vaidya and Y. Kenig, Chem. Eng. Technol., 30, 1467

(2007).
30. F. Barzagli, F. Mani and M. Peruzzini, Inter. J. Greenhouse Gas

Control, 5, 448 (2011).
31. C. Perinu, B. Arstad and K.-J. Jens, Int. J. Greenhouse Gas Control,

20, 230 (2014).
32. J. H. Choi, S. G. Oh, Y. E. Kim, Y. I. Yoon and S. C. Nam, Environ.

Eng. Sci., 29, 328 (2012).
33. I. H. Um, M. J. Kim, J. S. Min and D. S. Kwon, Bull. Korean Chem.

Soc., 15, 523 (1997). 
34. J. H. Choi, S. G. Oh, Y. I. Yoon, S. K. Jeong, K. R. Jang and S. C.

Nam, J. Ind. Eng. Chem., 18, 568 (2012). 
35. A. F. Ciftja, A. H. Hartono and H. F. Svendsen, Int. J. Greenhouse

Gas Control, 16, 224 (2013).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


