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Abstract—In our previous study, a high CO, absorption rate was achieved using a blended absorbent containing AMP,
NH,, and TEA. The species of the blended absorbent was determined in this study using “C nuclear magnetic resonance
(NMR) spectroscopy and a modified Kent-Eisenberg model. The carbamate formation constant was also regressed
using the model. Bicarbonate and carbonate ions decrease the absorption efficiency and have a positive effect on CO,
stripping. Carbamate has a negative effect on regeneration; a regeneration temperature of 373 K minimized the energy
needed. In conclusion, the prediction equation and NMR analysis provide an easy way of determining carbonate group
species and carbamate species concentrations, and this method will be helpful in optimizing CO, capture with blended

absorbents.
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INTRODUCTION

The use of alkanolamines has been investigated as a possible tech-
nique for reducing CO, emissions from flue gases. Among various
chemical absorbents, the sterically hindered amine AMP has higher
absorption capacity and absorption rate and requires less regenera-
tion energy than other amines [1-3]. The addition of ammonia (NH;)
has been proven to increase the CO, absorption rate and increase
the CO, removal efficiency [1]. To reduce the loss of NH; vapor,
various additives including amine and hydroxyl groups have been
used, with vaporization having been extensively studied [4-6]. Stud-
ies using TEA to minimize the loss of NH, have been performed
and the optimum blending ratio of AMP/NH,/TEA was found to
be 20/5/5 wt% [6]. It has been proven that blended amines have
higher CO, absorption capacities and absorption rates than single
amines (AMP and MEA). However, use of an AMP/NH,/TEA blend
in continuous absorption/desorption systems has not yet been investi-
gated.

There are several factors affecting the absorption efficiency: the
physical properties of the solvent, CO, partial pressure, absorption
concentration, liquid temperature, and CO, loading of the solvent
[7]. Ion speciation also has a significant effect on the regeneration
and absorption efficiencies [8,9]. A previous study suggested that
regeneration of CO, mainly originates from bicarbonate and car-
bonate species, and carbamate has a negative effect [10]. It is there-
fore necessary to investigate the ion species generated in amine/
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H,O/CO, systems. The investigation of ion distribution can also
improve our understanding of the reaction mechanism; it can also
identify the effect of chemical structure on the CO, capture capac-
ity, and of the operating conditions on species behaviors [11]. NMR
spectroscopy is a tool that enables direct identification of carbon-
containing compounds formed in CO, absorption and desorption
processes [11-13]. By speciating CO,/H,O/amine, it is possible to
reveal the relationships between stable carbamate formation and
amine structure [14] and to identify the reaction mechanism [15].
Speciation can also verify thermodynamic models [14,16-18] and
find the influence of reaction conditions on amine capacities for
CO, capture [19]. However, there have been only a few studies on
ion distribution in mixed amines. Ballard et al. showed the relative
amounts of carbamate, bicarbonate, and other species as a function
of time [20]. Francesco et al. used NMR analysis to study the CO,
capture the performance of AMP-blended solvents, and showed
that AMP-MDEA blends perform better than AMP-DEA due to
the carbamate formation of DEA [21]. This shows that the ion spe-
cies distribution affects CO, removal and desorption efficiencies.
Hook et al. used NMR spectroscopy to quantify carbon containing
ions and found that substituents in alpha position to the nitrogen
increased absorption capacities and reduced the overall absorption
rate. However, as the degree of substitution increased, the propor-
tion of carbamate remaining in the equilibrated desorbed solution
decreased [22].

To better understand species in CO,/H,0O/mixed amine systems,
the VLE data for CO, partial pressures and loadings were used in
thermodynamic models. The electrolyte-NRTL model was based
on the excess Gibbs energy to account for the electrostatic force
due to the presence of ions in solution. In NRTL model [23], the
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long and short range interaction between the different species should
be considered in the solution. The Deshmukh and Mather model is
simpler and used the Guggenheim equation to represent activity
coefficients [24]. The Kent-Eisenberg model is thermodynamically
sound and reasonably simple compared to other models [25]. Mod-
els based on the Kent-Eisenberg equations have been widely used
because of their simplicity and reasonable prediction power beyond
the range of experimental data [26]. Tontlwachwuthlkul et al. [27]
measured the solubility of CO, in AMP at various temperatures and
AMP concentrations. They also correlated the data with a modified
Kent-Eisenberg model and reported equations to determine equi-
librium constants of the protonation reaction.

The objective of this study is to speciate blended amines con-
taining AMP, NH;, and TEA in CO, absorption and regeneration
processes. The equilibrium among CO,, the blended absorbent, and
H,O was investigated quantitatively using "C NMR spectroscopy.
The Kent-Eisenberg model was used to predict species in the CO,/
H,O/blended absorbent system; new correlations of the equilibrium
constants of carbamate formation with temperature and CO, load-
ing ratio are also presented. The measured and predicted species in
the CO, capture process were compared. Based on the values ob-
tained from continuous absorption and regeneration experiments,
the CO, loading ratio, absorption and regeneration efficiencies, and
speciation were investigated. This work will improve our under-
standing of the behavior of chemical species in CO, capture.

REACTION MECHANISM

1. Absorption Reaction Mechanism

In this study, the absorbent was formed by blending AMP, NH;,
and TEA in a fixed weight ratio of 20 : 5 : 5 wt%. The chemical
reactions between CO, and the blended absorbent can be expressed
by the following equations, where RNH, and R;N represent AMP
and TEA, respectively [17,18,28]. The main species formed in the

studies systems are amine, protonated amine, amine carbamate, bicar-
bonate, carbonate, H,O, H" and OH". The following chemical reac-
tions are considered to take place in the liquid phase:

Dissociation of amines:

RNH; «*~RNH, +H" )
H,0+NH;<"~NH, +OH" )
R;NH'“-R;N+H" (©)
Formation of bicarbonate, carbamate:

H,0+RNHCOO ~“~HCO; +RNH, @)
HCO; +NH;<~H,0+NH,CO0~ Q)
CO,+H,0"~HCO;+H" ©)
Auto-protolysis of water:

H,0<"~H"+OH" %)
Formation of carbonate:

HCO; *~CO; +H" ®)

Note that the carbamate ion is formed only by the reaction of CO,
with AMP and NH;, not by CO, with TEA [29]. In the case of a
hindered amine such as AMP, the carbamate is unstable [1,30], and
decomposes to bicarbonate ion.

2. Speciation Prediction

We used the Kent-Eisenberg model to predict the species in the
blended absorbent/H,O/CO, system [27-29]. CO, pressure can be
expressed as a function of the H" ion concentration and other known
parameters such as equilibrium constants shown in Table 1, Henry’s
constant, initial absorbent concentration, CO, loading ratios. The
CO, pressure can be calculated by determined H" ion concentra-
tion. The concentration of each species can be calculated using the
equilibrium constants and the species balances. The Henry’s low,
which relates the CO, partial pressure to the concentration of physi-

Table 1. Equilibrium constants and Henry’s law constant used in this work

Expression Relation Source
Klszn—m"”“ pK,=14.933-1.8137x 10T ~1.6717mco, +6.9818 x 10°m v [31]
RNH,
K,= % InK,=97.97152 - 2214082 15 4630910 T —1.100801 10T [32]
NH,
K= % InK,=97.51- 914?'22 ~173.54 am’fi+31.28(ami)’*~14.82InT—0.0058T [34]
R;NH'
Mevy M 5 7 9
K= o Mo, (/K )=~ 4232.0399 4 37.6738 x L —111.8351 x -2 +110.7526x¥ [35]
Mprncoo T - T
My 00 604.1164 5 ,
KS:W InK;=20.15214 - ————-4.017263InT—-0.503095*10"T—-2.27516 ¢+ 3.34403 [32] and regress
NHy R HCo;
3 6 8 10
K= Do, o041 818+4298.253 x Lk — 148,528 x L% 4 332.648 x Lr — 282,394 x Lo [36]
Mo, T T T T
10° 10° 10° 10"
K;=m, m,, InK;=39.5554 ~987.9x ~- +568.828x 5 146,451 x5 +136.146 x [36]
m, m_.., 3 6 8 10
K= oo K= —297.74-+ 364.385 x L — 184,158 x L +415.793 x 1= ~354.291 x > [36]
mHC(); T T T T
9624.4
Peo,=Heo,¥meo, Heo,=1000x exp| 192.876 — T—28.749lnT+0.01441T [37]

July, 2014



Impact of speciation on CO, capture performance using blended absorbent containing NH,, TEA and AMP

cally dissolved CO, in the solvent, is given as

Peo,=Hepxmeg, )

where P, is the partial pressure of CO, (kPa) and Hc,, is the Henry’s
law constant.

In addition to the equation defining the equilibrium constants,
additional equations describing the amine balance, total carbon bal-
ance, and ion charge balance of the system can be written as

total

Mpyp, = Mpyp, + Mg+ Meyycoo (10)
total

My, =Myp + My + My o0 an
total

Mp y =Mp y+Mp e (12)

total total total _
(Mg, + Mg, +Mp ) X A=W pye00

My coo T Moo, ¥ Myep +Mep (13
M+ M+ My +Mp g =Mpypcoo
+Myyr coo F Mo +2M g+ Mg (14

total total total

where mgy.,, My, and mgy are the initial molar concentrations
of AMP, NH;, and TEA, respectively, and ¢ is the CO, loading
ratio in the solvent system. Combining Egs. (1)-(14), the partial
pressure of CO, can be expressed as

1239
m,, K.P,.
K, =l+—H -5 17
/ K, KyHeomy,
K,m KK P,
Kp=l4——L 4 26 0 (18)

K, Heomy,

The H" ion concentration was determined, and the pressure can
be predicted from Eq. (15). The ion concentration in the blended
absorbent/CO,/H,O system can be calculated using the equations
in Table 1 and the equilibrium constant

MATERIALS AND METHODS

1. Materials

Analytical grade AMP of 99% purity was obtained from Acros
Organics (USA), NH, (28%) was obtained from Junsei Chemical
(Japan), and TEA (99%) was obtained from Sigma Aldrich (USA);
distilled water was used for making the blended absorbent. The blend-
ed absorbent consisted of 20 wt% AMP, 5 wt% NH;, 5 wt% TEA,
and distilled water. The CO, and N, gases were commercial grade,
of purity 99.99%, and mixed at 15 vol%.
2. Apparatus and Procedure

A schematic diagram of the apparatus is shown in Fig. 1. The
experimental apparatus consisted of a gas injector, absorber, regen-
erator, and CO, analyzer. The absorber and regenerator were made
of double layered glass with an internal diameter of 50 mm and a

P AHo, 15) height of 600 mm. Ceramic Raschig rings (diameter 6.35 mm) were
o Kempy,  KemigrKs  Kg  KgK, packed inside. The temperatures of the absorber and regenerator
K,Km,,  Kzm, " m,, - (m,)’ were controlled by a circulating flow of heated oil in the outside
" layer. The water and oil were heated at different desired tempera-
where, A=(m'?, +m + "%y g Peo, (16) ture by oil baths. The CO, mixed gas was controlled by mass flow
’ NI N RN Heo, controllers (5850E, Brooks Instruments, USA), and the flow rate
3
| 5
Rich amine Lean amine
lea— —
O—
8
Aqucous
amine solution
8 1 8
O/ n o 7
0 §
TR

Fig. 1. Schematic diagram of experimental apparatus.

1.N, gas 5. Outlet
2. CO, gas 6. Mixing chamber
3. CO, analyzer 7. Absorber

4. Mass flow controller 8. Thermocouple

9. Liquid pump 13. Gas meter

10. Heat exchanger and storage tank
11. Regenerator
12. Condenser
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was checked by using a gas meter (W-NK-0.5, Shinagawa, Japan).
Gas chromatography (GC 7890, USA) was used to measure the
CO, outlet gas concentration from the absorber. The condenser was
connected to the top of the regenerator to prevent absorbent loss.
Before the experiment, the absorber and regenerator were preheated.
An aqueous amine solution was then injected into a storage tank,
and the flow rate was controlled by a metering pump (Cole Parmer
Masterflex Pump Model 7518-12, USA).

To study the absorption characteristics of the blended amine at
various CO, loading ratios, experiments were performed with only
the absorber operating. The absorber was heated to the desired tem-
perature and then 500 mL of fresh or CO,-loaded blended absor-
bent solution with the desired CO, loading ratio was injected into
the storage tank. The outlet CO, concentration from the absorber
was checked continuously using a CO, gas analyzer.

The experiments to investigate the effect of ion species on regen-
eration were carried out with both the absorber and regenerator oper-
ating. Fresh blended absorbent solution (500 mL) was injected into
the storage tank and preheated. The operation began when the device
reached the desired temperature; 15% CO, gas was injected into
the bottom of the absorber, and the outlet CO, concentration from
the absorber was measured continuously using a CO, gas analyzer
(GC 7890). When the outlet CO, concentration was stable, 10 mL
of lean amine solution and rich amine solution were collected for
NMR analysis, pH measurements, and CO, loading ratio calcula-
tion. The overall experimental conditions were gas flow rate 3.5 L/
min, absorbent flow rate 40 mL/min, absorber temperature 313 K,
and regenerator temperature 353-383 K. The CO, loading ratio was
analyzed by a titrimetric method [1].

3. NMR Spectroscopy

The "“C NMR spectra of the absorbed or regenerated absorbents
were obtained using a 500 MHz superconducting Fourier-transform
NMR spectrometer (Unity-Inova 500, USA). The MestrReC soft-
ware developed by MestreLab Research was used to process the
spectra. The absorbent samples were diluted to (10%) by using deute-
rium oxide (Aldrich) to provide a sufficiently strong signal for deute-
rium lock. Barzagli showed that quantitative analyses could be per-
formed by relating the area integral of the species peaks to that of
the signal of a standard at known concentration [13]. In this study,
the -CH,OH carbon atoms from TEA were used as the reference,
because -CH,OH was a stable compound in solution before and
after CO, absorption. Their known concentration in the solution
was 1.0 mol/kg. All the molar concentrations of the observable spe-
cies were calculated as follows [33]:

A X @, xC,,r
C,-:LI (19)
(oiXAref

where C; is the concentration of ions, A; and A, are the experimen-
tal integrated peak area for species i and reference species (-CH,OH
carbon atoms from TEA), ¢.-and ¢, are the number of active carbons
in reference species and species i.

RESULTS AND DISCUSSION

1. Prediction of CO, Partial Pressure in Blended Absorbent
Solution
The apparent equilibrium constant, Ks, for the main amine reac-
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tion, Eq. (5), was assumed to be dependent on the temperature (T)
and CO, loading (). A least-squares fit was applied to the equilib-
rium solubility values obtained for CO, in the blended absorbent.
The carbamate formation constant, Ks, was determined to give the
following expression;

i =20,15214 - 8041164

~4.017263InT
~0.503095x 10 °T-2.27516a+3.34403 & (20)

The constant in Eq. (20) was regressed from the experimental
solubility results for CO, in a blended absorbent obtained by Kang
et al. [6]. The regression of carbamate formation constant is a funda-
mental and important effect because of the crucial role played by
the carbamate formation reaction in the CO, absorption system. It
can be used for the determining or modeling the ions behaviors in
the CO, absorption process. These data points pertain to the blended
absorbent at 313, 353, 363, 373, and 383 K. The CO, partial pres-
sure can be predicted using Eq. (15); the results are shown in Fig,

200

33K
353K
363K
3ITIK
383K
— Predicted

150

mr4080

100 -

Peo, (KPa)

50 1

0/ o o o e . , :
0.0 0.2 0.4 0.6 0.8 1.0 1.2

o (mol CO,/mol amine)

Fig. 2. Plot of pressure against ¢, illustrating the solubility of CO,
in blended absorbent at various temperatures. Data from
[6]; smoothed lines: modified Kent-Eisenberg model calcu-

lation.
200
AAD = 16.2%
150 -
T
1]
L
=
o
2 100
[
o
-
g — y=x
a” ® 313K
50 - o 353K
v 363K
A 373K
= 383K
]
o+ . - :
0 50 100 150 200

Pco, kPa (measured)

Fig. 3. Plot of predicted partial pressures (calculated using the modi-
fied Kent-Eisenberg model) against measured partial pres-
sures for CQO, in blended absorbent.
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2, and the satisfactory results are shown in Fig. 3, which contains a
plot comparing the predicted and measured partial pressures of CO,
in the blended absorbent. The average absolute deviation (AAD)
between experimental data and the predication data was 16.2%. As
Fig. 3 suggests, the applied model well-represented the solubility of
CO, in the blended absorbent at the experimental conditions studied.
2. Absorption of CO, by Blended Absorbent

“C NMR spectroscopy was performed on the blended amine/
CO,/H,0 system (before CO, loading and after), as shown in Fig.
4 and Table 2. Peaks forming AMP/AMPH', TEA/TEAH’, car-
bamate, and HCO;/CO;~ were identified. Carboxyl groups from
carbamate, and bicarbonate and carbonate were observed down-
field (166<6<160 ppm) in the spectra. Because AMP-COO™ and
NH,COO™ had the same carboxyl groups, they appeared at the same
position (0=165.54 ppm). As reported in the literature [38,39], as a
result of fast proton exchange, it is not possible to distinguish between
HCO; and CO;, and the HCO; and CO;3 ions appear as a single
peak (6=162.72 ppm). Holmes developed a method for calculat-
ing the concentrations of carbonate and bicarbonate in NHy/H,O/
CO, systems, but it is not applicable to mixed amine systems [40].
There is no carbon in NH,/NH; ions, so NH,/NH; ions did not
appear in the "C NMR spectra.

Fig. 5 shows a comparison of the speciation results for the blended
absorbent at 313 K from the model and those from the NMR data,
for AMP/AMPH’, TEA/TEAH', NH,/NH,, carbamate, and HCO;/

T B v 5 T T T T T T T
150 100 50

Fig. 4. "C NMR spectra of blended absorbent solution (a: fresh ab-
sorbent; b: CO,-loaded absorbent, 0.41 mol CO,/mol amine).

Table 2. Assignments of observed bands in CO,-loading blended
absorbents in Fig. 3(b)

No. Carbonatoms AMP/ TEA/ 'HCOJ AMP-COO/
AMPH® TEAH® CO*  NH,COO"

1 -CH, 22.53 - - -

2 -C-NH, 49.76 - - -

3 -CH,OH 67.09 - - -

4 -N-CH,- - 5554 - -

5 -CH,OH - 5886 - -

6 -HCO;/CO* - - 16272 -

7 -N-COO" - - - 165.54

4

Predicted
® Carbamate (NMR)
0 HCO,/CO," (NMR) HCO,1c0,*
34 ¥ AMP/AMPH' (NMR)
& TEAITEAH' (NMR)
9
=
=
(=]
E ;]
]
2
2
» arbamate
£
1 -
—_ _ TEA/ITEAH"
0 AMPCOO —=
0.0 0.2 0.4 0.6 0.8 1.0 1.2

o (mol CO,/mol amine)

Fig. 5. Ion species concentrations in CO,-loaded blended absor-
bent, obtained using "C NMR quantitative analysis, with
respect to various CQO, loading ratios, at 313 K.

CO;3". The model predictions agree well with the experimental re-
sults. As it is difficult to experimentally distinguish between proto-
nated and unprotonated amines, because of the fast proton exchange
mechanism, only the sum of the two components can be reported.
However, the modified Kent-Eisenberg model can be used to calcu-
late the amounts of protonated and unprotonated amine ions in Fig.
5 and the predicted results were indicated by solid line. The TEA/
TEAH" concentration remains almost constant and that of AMP/
AMPH" decreases slightly. As the CO, loading increases, the AMPH"
concentration increases because the solution pH decreases; the AMP
concentration shows the converse trend [18]. Because of the steric
hindrance of AMP, AMP-COQ" is rapidly converted to carbonate/
bicarbonate [41]. The total carbamate concentration increases with
increasing CO, loading ratio, reaches a maximum at approximately
0.6 mol CO,/mol amine, and then subsequently shows a slight de-
crease. Unlike carbamate, the concentrations of carbonate and bicar-
bonate ions significantly increase. The carbamate ions are converted
to other species such as carbonate/bicarbonate, as shown in Egs.
(4) and (5). More carbamate can be converted to bicarbonate and
carbonate, enhancing the CO, absorption ability, under CO,-rich
conditions, so the CO, loading ratio should be controlled to more
than 0.6 mol CO,/mol amine. Also, by addition of AmH (in this
study, NH, is AmH), AMP-COO" can be completely converted to
free AMP [15]. The reaction is

AMPH'+ AMPCOO +2AmH
—>AmH}+AmCOO ™ +2AMP @

Eq. (21) shows that NH; can enhance the conversion of AMP-
COO™ to NH,COO'. This indicates that NH,COO" is the main com-
pound in the total carbamate, as in the predicted results.

In Fig. 6, experimental speciation results at the regeneration tem-
perature (373 K) were presented as plots, and the model predictions
were presented as solid lines. At low CO, loading ratios, the car-
bamate concentration was greater than that of HCO;/CO;3 . 1t is
known that at high temperature, carbamates are more stable than
bicarbonate. The bicarbonate formed was therefore unstable, which
is favorable for regeneration [42]. Carbonyl group species such as

Korean J. Chem. Eng.(Vol. 31, No. 7)
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3.0
25 .
AMP/AMPH
M v v v v v v
T 20
! -
©° ® Carbamate (NMR) NH,/NH,
E 154 o0 HCO,/CO,* (NMR)
2 ¥ AMP/AMPH' (NMR) Carbamate (NH,C0Q)
8 4 TEAITEAH' (NMR)
& —— Predicated
g 10
HCO,ICO,>
> o _ TEATTEAH'
o o
0.0 : .

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
o (mol CO,/mol amine)

Fig. 6. Ions species concentrations in CO,-loaded blended absor-
bent, obtained using "C NMR quantitative analysis, with
respect to various CO, loading ratios, at 373 K.

carbamate, carbonate, and bicarbonate are important factors in the
CO, capture process. Figs. 5 and 6 show the trends in the relative
concentrations of carbonyl group species at equilibrium in the liquid
phase, as functions of temperature and CO, loading. Once the CO,
loading ratio is known, the carbonyl group species concentration
can be predicted. In the absorption and regeneration processes, since
the CO, loading ratio can be directly measured by titrimetrical method,
it is easy to predict the carbonyl group species.

To study the effect of CO, loading ratio on the CO, removal ef-
ficiency, the absorber was operated without the regenerator, with a
CO,-loaded blended absorbent. Fig. 7 shows the effects of the CO,
loading ratio of the blended absorbent and species distribution on
the CO, removal efficiency. The removal efficiency remains high
at low CO, loading ratios, and decreases with increasing CO, load-
ing. Arashi et al. [43] reported that if the CO, loading in a lean solution
was high, the driving force of mass transfer from the gas to solution
became small, and the CO, removal efficiency decreased. In addi-
tion, when the carbamate concentration was much greater than that
of HCO;3/CO; ™ ions, the CO, absorption efficiency decreased sharply.

100 20
18
. 80
& 16
==
E 60 4 14 3
@ —
= 12
: 3
2 =
] ¥ M 108
o —&— Removal efficiency (%)
O 2 ] ¥ ® Carbamate (NMR) 0.8
¥ v HCO,7CO,” (NMR)
0.6
0 . . v v
0.1 02 03 04 05 05

a/(mol CO/mel amine)

Fig. 7. CO, removal efficiency and concentration of species in CO,-
loaded blended absorbent with respect to various CO, load-
ing ratios.
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The results confirm that carbamate formation negatively affects the
CO, absorption efficiency. As HCO; inhibits the CO, hydration
rate in the liquid phase, as shown in Eq. (6), the concentration of
HCO; in the regeneration step should be reduced, resulting in higher
CO, conversion in the absorber [44]. The CO, loading should be
less than 0.3 mol CO,/mol amine to maintain CO, removal effi-
ciency greater than 90%.

3. Absorption and Regeneration Test for Blended Absorbent
3-1. Characteristics of Absorption and Regeneration, Depending
on Regenerator Temperature

Continuous absorption and regeneration experiments were carried
out to study the regeneration characteristics of the blended absor-
bent. The operating conditions and method are described in section
3.2; rich- and lean-amine samples were picked at the steady-state,
and the CO, loading ratio and concentration of carbonyl group spe-
cies were analyzed (the analysis methods are described in sections
3.2 and 3.3).

Fig. 8 shows the CO, stripping efficiency with respect to regen-
eration temperature. The CO, stripping efficiency can be calculated
from the CO, loading ratios under CO,-rich and CO,-lean condi-
tions [45]. The amount of CO, loaded in the blended absorbent de-
pends specifically on the carbonyl group species. CO, is mainly
stored in the blended absorbent as HCO;/CO;™ and carbamate. For
HCO;/CO5 ions, the concentration of ions after regeneration de-
creased significantly; the decrease in HCO;/CO;™ at 353 K was
0.20 mol/kg, and it reached 1.59 mol/kg at 383 K. In contrast, the
concentration of carbamate increased slightly up to 363 K and then
decreased at 373 K. This indicates that with increasing temperature,
some HCO;/CO; was compensated for by an increase in carbam-
ate. The decreases in HCO;/CO:™ with a lean amine at various re-
generation temperatures were greater than those of carbamate, and
the amounts of bicarbonate and carbonate ions decreased more than
that of carbamate. The results show that the regeneration of CO,
mainly originates from HCO;/CO;~ species. Carbamate has a nega-
tive effect on CO, regeneration [10]. This can be interpreted based
on the regeneration mechanism of the blended absorbent. Accord-
ing to previous reports, bicarbonate is relatively easily decomposed

8 80

EE HCO,1CO," (rich amine) 60
Bz Carbamate (rich amineg)
E HCO,ICO," (lean amine)
[ Carbamate (lean amine)
—8— CO, stripping effieiency

363 373 383
Regeneration temperature (K)

Concentration (molfkg)
FY
(9) Kousioye Buiddins 0o

Fig. 8. CO, stripping efficiency and concentration of carbonyl group
species in CO,-loaded blended absorbent with respect to
regeneration temperature. Bars in the left- and right-hand
sides are for blended absorbent before and after regenera-
tion, respectively.
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by heating and is expected to decompose at a significant rate at tem-
peratures above 333 K [46]. In addition, during the regeneration step,
breaking of the less-stable C-O bonds in bicarbonate and carbonate
requires less energy than that required to break the C-N bonds in
carbamate species [46]. The primary goal of the regeneration pro-
cess in CO, capture is to maximize regeneration of the blended ab-
sorbent, in order to maintain a high loading capacity and absorp-
tion efficiency. In addition, to reduce the negative effect of carbamate
on CO, stripping, the regeneration temperature was fixed at 373 K
in the following experiments. However, unlike the NH,/CO,/H,O
system, ammonium carbamate can be released up to 333 K, so the
regeneration temperature was less in this study. Because AMP and
TEA have higher specific heats than NH, a blend of AMP and TEA
may cause more regeneration heat and the regeneration tempera-
ture should be higher than that of NH; [47,48].
3-2. Behaviors of Carbonyl Group Species with Respect to Oper-
ating Time

Investigation of carbonyl group ion behavior in continuous absorp-
tion and regeneration processes is important as these groups can be
used for retaining CO,. Quantitative "C NMR spectroscopy can be
used to calculate the concentrations of carbonyl group species. The
continuous absorption and generation experiments discussed in this
section were performed as described in section 3.2. Fig. 9 shows

Prediction
3 e HCO,/CO;” (rich amine)
o H CO;'JCO,z' (lean amine)
—_ w Carbamate (rich amine)
o & Carbamate (lean amine)
]
2 = - L L -
—- 2 4
c
] J
= »
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o &
g m_}_r—’_ﬂ‘_—'_— = i
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Fig. 9. Effect of absorption and regeneration process operating time
on carbonyl group species behaviors in lean-amine and rich-
amine solutions.

the concentrations of carbonyl group ions measured using NMR
spectroscopy and predicted from the CO, loading ratio. As expected,
the carbonyl group species attained equilibrium after 90 min. At
the start of the experiment, in the absorbent, carbamate formation
stabilized more quickly than carbonate and bicarbonate formation.
This indicates that the carbamate formation rate was higher than
that of bicarbonate [46,48]. The blended absorbent has an excellent
absorption ability and absorption rate [6], so species formation quickly
stabilizes. In addition, carbamate formation and bicarbonate forma-
tion occur at the same time. According to research, some of the
carbamate is converted to bicarbonate, causing the concentrations
of bicarbonate and carbonate species to increase compared with
that of carbamate. Up to 20 min, the blended absorbent was fresh,
a large amount of free amines was present, and the concentration
of carbamate was increasing. However, after 20 min, the absorber
started to become rich in CO,, enhancing bicarbonate conversion.
For a lean amine in the regenerator, the change in the carbamate
concentration with operating time was not significant, and it was
not easy to deposit carbamate ions. We compared the carbonyl group
species concentration before and after regeneration; the reduction
in bicarbonate species concentration was greater than the reduction
in carbamate concentration. This depended greatly on the species
structure [42]. As carbonyl species affect the CO, stripping effi-
ciency, the concentration of carbonyl species in the rich amine was
5.39 mol/kg while the concentration in the lean amine was 2.08 mol/
kg. Especially, 3.31 mol/kg of carbon can be stripped from the blend-
ed absorbent in one cycle of the continuous absorption and regen-
eration process. In addition, the regeneration efficiency was 73.86%,
calculated from the CO, loading ratio in the rich and lean amines.

Table 3 shows the carbonyl species predicted from the model
equations and the CO, loading ratios. The CO, loading ratio sam-
ples were picked from the absorber and regenerator at 10, 20, 40,
60, 80, and 120 min, and the ratios were determined using a titri-
metric method. The AAD% values show that the predicted results
were close to the experimental results obtained using NMR spec-
troscopy. These methods can be applied to CO, absorption and regen-
eration processes with a blended absorbent.

CONCLUSION
Speciation in a blended absorbent/CO,/H,O system was deter-

mined using "C NMR spectroscopy, and predicted using a modified
Kent-Eisenberg model. The predicted results were in agreement with

Table 3. Comparison of NMR spectroscopic results and predicted results

NMR Prediction

NMR Prediction NMR Prediction NMR Prediction

Time CO, loading CO, loading

(min) ratio (rich amine) ratio (lean amine) H.COE/ C.O? Qarbam?te HCO;/ CQ§’ Carbamgte
(rich amine) (rich amine) (lean amine) (lean amine)
10 0.55 0.21 1.30 1.33 1.90 2.05 0.43 0.42 0.99 1.02
20 0.87 0.22 2.16 2.05 1.61 1.68 0.48 0.47 1.06 1.12
40 0.90 0.24 2.11 2.14 1.57 1.60 0.54 0.56 1.15 1.10
60 0.92 0.26 2.23 2.17 1.56 1.68 0.57 0.63 1.20 1.28
90 0.90 0.26 2.25 2.14 1.57 1.50 0.59 0.61 1.23 1.20
120 0.90 0.26 2.17 2.12 1.58 1.66 0.59 0.58 1.23 1.16

AAD% - 3.16 5.17 3.56 4.62
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the experimental data. The carbamate formation constant was re-
gressed as a function of temperature and CO, loading ratio, and the
equation was InK;=20.15214—(604.1164/T)—4.017263InT—0.503095
x107°T-2.27516+3.34403*. The carbamate equilibrium con-
stant is indispensable for determining and modeling the vapor-liquid
equilibria in the CO, absorption process and the calculation of the
carbamate formation. "C NMR qualitative analysis was used to iden-
tify the AMP/AMPH", TEA/TEAH", carbamate, and HCO;/CO;
species peaks. The speciation results showed that carbamate had a
peak at a certain CO, loading ratio (nearly 0.6 mol CO,/mol amine),
and was converted to bicarbonate; the HCO;/CO3~ concentration
increased with increasing CO, loading ratio. In absorption experi-
ments, the carbamate concentration limited the absorption efficiency,
and the CO, loading ratio needed to be below 0.3 mol CO,/mol amine
to maintain the CO, removal efficiency above 90%.

Investigation of the effects of carbonyl group species behavior
in absorption and regeneration experiments showed that carbamate
ions have a negative effect on regeneration in a range of low regener-
ation temperatures, and HCO;/CO;3™ has a positive effect. The best
regeneration temperature in terms of energy reduction and maxi-
mum absorption ability in the CO, capture process was 373 K. The
results showed that prediction equations and NMR analysis could
provide an easy way to determine the carbonyl group species con-
centration. This will be helpful in optimizing CO, capture processes
using blended absorbents.
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NOMENCLATURE

a  :CO,loading ratio

@ :the number of active carbons in species i

¢., :the number of active carbons in reference species
A, :the experimental integrated peak area for species i
C, :the concentration of ions

K, :the equilibrium constant

R,  :the number of moles of reference/kg solution per unit area
T  :absolute temperature

m,,..... molarity of species in absorbent solution

AMP : 2-amino-2-methylpropranol

DEA : diethanolamine

TEA : triethanolamine

MDEA : methyldiethanolamine

MEA : monoethanolamine

NMR: nuclear magnetic resonance

VLE : vapor-liquid equilibrium
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