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Abstract—Thermodynamic and kinetic data are important for designing a CO, 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 CO, loading (mole of CO,-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 353.15K. The AEP exhibited approximately twice higher CO, loading compared with monoetha-
nolamine (MEA) at all temperatures. The apparent AEP absorption rate (k,,=0.1 min"") was similar to that of dietha-
nolamine (DEA) at 333.15K. Speciation of the CO,-absorbed AEP was analyzed using “C NMR. Although AEP
featured a primary amino group and secondary amino group, it did not form bicarbamate upon reaction with CO,
based on analysis results. AEP-1-carbamate was primarily formed by reactions between AEP and CO, during the ini-
tial reaction. Bicarbonate species formed as the quantity of absorbed CO, increased.
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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 (CO,), one of the six major green-
house gases, can be controlled through carbon capture and stor-
age (CCS) technologies. CO, 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 CO, separation and capture from flue gas, and
each process has advantages and disadvantages [4,5].

Studies on CO, 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 CO, 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
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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 CO,
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 successtully 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 CO, capture
[18]. Aqueous PZ/AEP showed high CO, 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 CO, loading, speciation and
volatility for an aqueous PZ/AEP solution. The heat of reaction for
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6m AEP (50-70 kJ/mol CO,) was less than 5 m PZ/2 m AEP (75-
85kJ/mol CO,) [19]. Rate constants, VLE and other physical data
are used to improve mathematical models for CO, 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 CO, in an aqueous AEP solution were in-
vestigated because only limited information on the AEP solution
CO, absorption exists. CO, loading and apparent absorption rate
of the AEP solution were measured using a vapor liquid equilib-
rium (VLE) apparatus to evaluate the CO, absorption performance,
and the results were compared with MEA, which is a representa-
tive commercialized absorbent. In addition, the species distribu-
tions between CO, 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 CO,
absorption characteristics of primary, secondary; and tertiary amines.
The single amine CO, absorption mechanisms are presented in
the following sections, 1 and 2, to clarify the AEP characteristics.

1. Primary and Secondary Amines

The amine and CO, reaction mechanism has been studied by
various researchers [24-29]. Kenig et al. [29] presented an over-
view of the CO, absorption mechanism for primary (RNH,), sec-
ondary (R,NH), and tertiary amines (R;N) [29]. The reaction mech-
anisms between CO, 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 RNH,, H,O. This CO, absorp-
tion mechanism comprises the following two steps.

CO,+RNH,«>RNH;COO" (1)
RNH;COO +B<>RNHCOO +BH" ()

The zwitterion mechanism was validated through molecular
modeling, and Xie et al. [26] measured the CO, 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
CO, reaction.

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

CO,+RNH, +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 CO,, 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 CO, 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 CO, is selective formation of bicarbonate, as
represented in Eq. (4).

R,R,RN+CO,+H,0¢>R,R,RNH" +HCO; o

As mentioned above, amino groups and CO, exhibit different
intermolecular interactions. Numerous studies have used NMR
analyses to investigate primary, secondary and tertiary amines and
verify the CO, 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 CO, pressure over time. The data were used to calcu-
late the CO, loading (mole of CO, absorbed per mole of amine)
and apparent absorption rate. The apparatus configuration is shown
in a previously published paper [32], and CO, (99.99 vol%) was
used as the feed gas for the VLE apparatus.

The reservoir was filled with CO, and preheated to 313.15K in
a water bath prior to supplying the reactor, and the experiments
were conducted in the reactor at 313.15, 333.15 and 353.15K, 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 kg;/cm”) from Sensys with the preci-
sion 0.001 kg/cm’ 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 CO, 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 CO, and absor-
bent and minimize the surface resistance of mass transfer. The
reactor pressure decreased with the CO, pressure as the reaction
proceeded, and the reaction reached an absorption equilibrium
when the pressure deviation was constant for more than 1 hour.
The CO, equilibrium partial pressure was computed by measur-
ing the pressure when equilibrium was reached, and CO, 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 CO, 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 (D,0) (99.99%) was used as the solvent for the NMR
measurements and was purchased from Sigma-Aldrich, and 14-
dioxane was used as an external reference for the °C NMR analy-
ses. The 1.4-dioxane peaks were observed at 0=67.0 ppm in the
C NMR spectrum. The absorbent species distribution was ana-
lyzed based on the change in CO, 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 (5.0kV), 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 CO, (P¢o,) within the reac-
tor was calculated by subtracting the initial pressure (P°) from the
equilibrium pressure (P*) upon absorption equilibrium, as delin-
eated in Eq. (5).

Pro,=(P ~P") )

As shown in Eq. (6), moles of injected CO, are computed by
subtracting the pressure of the reservoir, after the CO, 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 CO, behavior as an ideal gas in the VLE experiments.
The moles of absorbed CO, in the absorbent can be calculated by
the Eq. (8).

n. = (Psi—Pg)x Vg
sco2 RTS

_ (Pri—Pr)x Vg

n
Rcoz RTR

nabsorbeda,Z = nScaZ - chaZ ®

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

nabsorbedco2

CO, loading= )

amine

The apparent absorption rate (k,,,) for CO, can be calculated using
Egs. (10), (11) [33], which was calculated as half of the final time
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(tp).
ln(PCOZ(l/Z)_PZ‘OZ):_Kapp't-'_C (10)
- 1n[(Pcoz(1/2)* P*coz)/(PgoZ - P*coz)]
KaPP = - (11)

For Eq. (10), C is the difference between the initial CO, pressure
(P%,) and equilibrium pressure (Pg,,) 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
(Peoam)-

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

For the MEA, CO, loading was limited to &=0.60 (mol CO,/
mol MEA) at 333.15 K, whereas AEP showed high CO, loading at
a=1.27 (mol CO,/mol AEP) for the same temperature. The rela-
tionship between CO, loading and equilibrium partial pressure of
CO, 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 CO, 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 CO,
loading was approximately twice greater than MEA at all tempera-
tures, and AEP exhibited excellent CO, absorption characteristics
for the CO, 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
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Fig. 1. VLE between CO, and aqueous 30 wt% amine solution. Cir-
cle: AEP solution; quadrangle: MEA solution; and inverted
triangle: DEA [34] solution, black: 313.15K, gray: 333.15K,
and white: 353.15 K.



CO, absorption characteristics of a piperazine derivative with primary, secondary, and tertiary amino groups 3225
Table 1. CO, loading and apparent absorption rate of aqueous AEP solutions at 313.15, 333.15, and 353.15 K
CO, loading (mole CO,/mole amine) Apparent absorption rate, k,, (min™")
313.15K 333.15K 353.15K 313.15K 333.15K 353.15K
MEA 0.71 0.60 0.56 0.12 0.24 0.35
DEA [34] 091 0.77 0.65 0.08 0.10 0.12
AEP 1.50 1.29 1.20 0.05 0.10 0.16
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Fig. 2. Absorption rate of CO, into aqueous 30 wt% amine solu- o)-\ou )\ .
tions. Circle: AEP solution; quadrangle: DEA [34] solution; 15 0”15 o
and inverted triangle: MEA solution, black: 313.15K, red: Bicarbonate Carbonate
333.15K, and green: 353.15 K.
& Fig. 3. Molecular structures of species in the CO,-absorbed aque-
ous AEP solution.

Table 2. NMR analysis parameters at room temperature (298.15 K)

'HNMR  “CNMR
Number of scans 32 64
Analysis Acquisition time 3172s 1.091 s
parameter  Relaxation delay time ls 60s
Dwell time 484 us 16.65 s
| ‘ i ‘ CO, loading = 0.172
| N
S Rl
| [ L L A J 0.707
| i | e 0833
| e e
\ _‘J‘- 'll ‘I ] ‘|I -‘il-‘_u Nya l J :4{‘
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[ppm]
(a)

magnitude (intensity) of the peaks in NMR. Pulse D1=~5-6xT1
(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 "C NMR
relaxation time prior to the experiment to determine the relax-
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Fig, 4. °C NMR spectra of the AEP-H,0-CO, system at 333.15 K; (a) high field and (b) low field.
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Table 3. Chemical shifts in the AEP °C NMR spectra at 333.15K

J. H. Choi et al.

Peak location, O (area)

Free AEP AEP-1-carbamate AEP-7-carbamate Qarbonate
bicarbonate
CO.2 2 3 4 5 6 7 8 13 9 10 11 12 14 15
loading
0172 5949 5270 4386 3689 5795 52.55 43.39 37.72 164.18 162.80
’ (1.00) (1.96) (1.81) (1.03) (0.15) (overlap) (overlap) (0.15) (0.14) (0.04)
0,348 5847 5234 4378 36.67 57.86 52.21 4371 37.71 164.19 58.13 5256 4341 36.80 162.79
T 099) (1.96) (193) (1.00) (0.38) (0.76)  (0.80) (036) (041) (0.08) (0.19) (0.19)  (0.08) (0.15)
0,484 5756 5195 4369 3649 57.77 51.85 43.58 37.69 164.20 5729 5253 4342 36.61 162.80
’ (1.16) (2.09) (2.04) (1.00) (0.57) (1.30) (1.29) (0.32) (0.66) ’ (0.39) (0.32) (0.15) (0.22)
0707 56.00 51.07 4351 3621 5758 51.07 4332 37.66 164.19 5596 5247 4344 3634 162.77 162.67
’ (1.00) (overlap) (2.05) (1.00) (1.18) (overlap) (2.30) (1.01) (1.23) (overlap) (0.97) (overlap) (0.35) (0.51) (0.08)
0833 55.10 50.50 4339 36.08 5745 5043 43.13 37.64 16420 5523 5245 4321 36.08 162.75 161.95
O (100)  (211) (210 (overlap) (1.07) (2.13)  (217) (1.08) (1.59) (0.70) (142) (0.73) (overlap) (0.73)  (0.24)
1020 5410 49.78 4324 3596 5728 49.54 4291 37.60 16422 5448 5238 4346 3596 162.63 160.96
’ 0.77) (1.69) (1.56) (overlap) (0.76) (1.53) (238) (0.70) (1.27) (0.60) (1.25) (044) (overlap) (0.41) (0.55)
1246 53.69 4946 43.18 37.03 5720 49.46 4281 3762 16421 5421 5226 4242 37.03 162.37 160.49
’ (0.61) (1.30) (1.16) (overlap) (1.07) (overlap) (1.10) (0.62) (0.91) (0.26) (0.43) (042) (overlap) (0.27) (0.98)

ation time required for the analysis. A longer time period than the
relaxation time is necessary to measure "C 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 "C 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 "C NMR analy-
sis would verify the species behavior; AEP verified the behavior
through "C NMR based on numerous overlapping "H NMR phe-
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90 4 ® AEP-7-carbamate
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CO, loading (mol CO,/mol AEP)

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.
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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 (6=36.89-37.03 ppm) and
a low field (6=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 "C 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 &=0.71 (CO, loading), and bicarbonate-type spe-

130.03

Relative Abundance
8 8 & 8 8

=]

113.08 299.23
157,06 17405 30258 335.24

21228 25496 280.14 379.15

(=]

50 100 150 200 250 300 350
miz

Fig. 6. MS spectrum for a CO,-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 "C NMR quantity and detailed
species distribution for the AEP and CO, reaction shown in Fig. 5.
2-2. Mass Spectrometry

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

Relafive Abundance
moo;m m
o ¢ o

3227

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

1302

174.2

1252

15 169.5
1421 1793 1892
10 1522
1342 1582 1849 | 1943
5 1211 1983
0
60 80 100 120 140 160 180 200
miz
113.7 (a)
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50
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B 45
E 40
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20
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5
0 5B, 841 872 o15 1120 1142 1303 . B .
&0 80 100 120 140 180 180 200
miz

Fig. 7. Separation patterns of free AEP in a CO,-saturated AEP solution: (a) [AEP+H]'=130.2 (MS), (b) [AEP-NH,+H]"=113. 0 (MS/MS)

and (c) [AEP-NH,-CO,+H]"'=84.1 (MS/MS/MS).
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56.1
58.0

700 849

B0 80

Fig. 7. Continued.

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 C 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-

Relative Abundance
v w o]
S o o

1738

173.8 173.8

174.1

174.0

174.0

J. H. Choi et al.

113.0

174.1

174.1

140 160 180 200

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-NH;+H]'=113.0

174.2 174.3 174.4 174.5 174.6

miz

(a)

Fig. 8. Separation pattern of carbamate in a CO,-saturated AEP solution: (a) [AEP+CO,+H]'=174.1 (MS), (b) [AEP+H]"=130.1 (MS/MS)

and (c) [AEP-NH,+H]"=113. 0 (MS/MS/MS).
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Relative Abundance

871
5 70.1
58.0 582 T24

50 &0 70 80 a0

80 70 80 a0

Fig. 8. Continued.

peak is shown in Fig. 7(b) as an amino group in the separated free
AFEP Second, [AEP-NH,-2CH,;+H] =84 is also shown in Fig. 7(c)
as two methyl groups at [AEP-NH,+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+CO,+H]"'=174.1 peak in Fig. 8(a)
was analyzed using the same method. A CO, molecule in [AEP+
CO,+H]"=174.1 is easily separated under the MS ion conditions.
As a result, [AEP+H]'=130.1 and [AEP-NH,+H]'=113.0 fragment
splits appeared in Fig. 8(b) and Fig 8(c), respectively. The MS

1881
831 86.1 94.7
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1311

1142 129.2 1481
1451 g
gga 1032 112.2 124.9 139.2
100 110 120 130 140 150
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113.0
100 110 120 130 140 150
miz
(©)

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

CONCLUSIONS
The CO, 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 333.15K showed that AEP
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exhibits 2.2-fold greater CO, 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 CO,. 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 CO, loading, bicarbonate
was formed. Three different amino groups in the AEP reacted
with CO, in following the order: primary>secondary>tertiary. The
AEP exhibited excellent CO, absorption characteristics, including
CO, 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 CO, cyclic capacity.
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