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We present for the first time the CO capture and in-situ conversion into bicarbonate as a carbon-bearing product
using an amine with built-in surface activity. The surface-active amine was 3-(dimethylamino)propylamine
(DMAPA) modified with propylene oxide (PO) groups (DMAPA-xPO, x = 4, 6, 8, 12). Analysis of the CO; capture
capacity data with >C Nuclear Magnetic Resonance (NMR) spectroscopy determined the bicarbonate concen-
trations and the generation mechanism during the CO2 capture influenced by the PO groups, establishing a
relationship between CO3 solubility, pH of the solution, and steric effect. Results demonstrated the effectiveness

of the built-in surface activity with an optimal PO level (DMAPA-6PO). DMAPA-6PO enhanced the bicarbonate
generation by 54%, in comparison to DMAPA, under ambient conditions.

1. Introduction

The current energy demands depend mainly on fossil fuels, such as
coal, oil, and natural gas. The chemical energy extracted from them by
combustion is broadly used for transportation, electricity generation,
industrial processes, and heating. Their emitted pollutants are causing
adverse effects on the environment and human health. In particular,
carbon dioxide (CO3) is one of the greenhouse gases and 92.4% of CO,
emissions were caused by fossil fuel combustion in the United States in
2019 [1,2].

Different routes can mitigate CO, emissions, such as reducing energy
use, improving energy efficiency, shifting to low-carbon or even non-
carbon energy processes, and implementing carbon capture and utili-
zation (CCU) systems [2]. CCU into fuels and chemicals is considered a
suitable option to stabilize atmospheric greenhouse gas concentrations
in the energy transition [3,4]. Using emitted CO, gas as feedstock to
manufacture value-added products provides not only environmental
benefits, but also opportunities for chemical industries to develop new
production methods.

Amine-based post-combustion capture (PCC) is a well-proven and
commercially used technology for CO; capture in the petroleum sector,
coal-fired power, and cement industries, with a CO5 recovery rate up to
800 tons/day [5-7]. This process typically uses a single or a blend of
reactive aqueous amine solutions to react chemically with CO gas in an
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acid-base reaction. Then, the CO; gas is subsequently stripped from the
amine solution at high temperatures (120-180°C), regenerating the
solvent [5]. However, the regeneration step is considered the main
drawback of this technology because of its high regeneration cost,
approximately 70% of the total operating cost [8].

Different approaches have been made to reducing energy consump-
tion in PCC. The most common strategy is the development of less
energy-intensive capture solvents, which are mixtures of different
amines or ionic liquids (IL) [9-15]. However, this approach still requires
heating for CO4 desorption and amine regeneration. The necessity of
heating can be avoided when CO; is captured to yield a non-gaseous
carbon species to be directly used as a feedstock, such as bicarbonate
(HCO3).

Capturing CO- in the form of bicarbonate can be an effective, prac-
tical, and stable way not only to store and deliver a CO,-bearing product
into the utilization unit, but also to overcome the CO, mass transfer
limitation in aqueous carbon capture technologies because of the higher
carbon concentration in saturated solution (3.3 M for saturated KHCO3
compared with 0.033 M for saturated CO3) [16]. For example, the en-
ergy requirement for capturing CO; into potassium bicarbonate, 1.0 MJ/
100 mol COy, is lower than that for capturing CO5 into potassium car-
bonate in the direct air capture (DAC) process, 1.3 MJ/100 mol CO,
[17]. Therefore, the bicarbonate pathway as an alternative COq
capturing route has considerable potential for post-combustion
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Scheme 1. Schematic representation of the proposed CO, capture into bicarbonate pathway for CCU technologies.

technology applications, and can be integrated into a conversion step
such as electrochemical conversion to produce various chemicals and
fuels, as shown in Scheme 1.

Tertiary amines react with CO5 in a 1:1 mol ratio and produce bi-
carbonate with slow capture kinetics [18]. Although primary amines
have demonstrated faster CO2 capture kinetics than tertiary amines,
they mainly produce carbamate (R-NHCOO") from this reaction [19,20].
Thus, a combined effect between a primary and tertiary amine is ex-
pected to improve the bicarbonate generation rate. For example, 3-
(dimethylamino)propylamine or DMAPA, which is a diamine with one
tertiary and one primary amino group, is a potential amine for this
purpose. Even though DMAPA has been used as an experimental and
simulation COy capture solution model with analytical bicarbonate
detection in the literature [21-23], it has not been studied for the bi-
carbonate generation as a COg capture pathway or for the optimal
experimental conditions for its production.

Additionally, surfactants have been studied to potentially enhance
the CO; capture performance of different amine solutions since they
lower their surface tension, increase the surface where CO, and amine

/"“\/\/““2

3-dimethylaminopropylamine
(DMAPA)

/ N \/\/ N
3-dimethylaminopropylamine modified
(DMAPA-xPO)
o

react, and facilitate the CO, mass transfer into the aqueous solution
[24-26]. In particular, low-concentration surfactants with short hy-
drophilic chains of less than ten carbons, such as ethylene oxide groups
(EO), improved the CO; capture of monoethanolamine solutions (MEA)
[27]. However, the effect of these surfactants was only studied when
they were added to amine solutions without considering the bicarbonate
generation [28,29]. To the best of our knowledge, no report has been
published on incorporating surfactant characteristics into an amine for
bicarbonate generation. Such amine species with built-in surface activ-
ity is referred to as surface-active amine in this research.

The envisioned applications of CO, capture as bicarbonate include
an integrated COg capture/conversion process via bicarbonate elec-
trolysis as part of the potential pathways of carbon capture, utilization,
and storage (CCUS). Since the bicarbonate product is not bonded to the
surface-active amine (as carbamate), membrane technologies can cost-
effectively separate bicarbonate because of their modular configura-
tion, compactness, operational flexibility, and simplicity, as an alter-
native to the conventional thermal regeneration [30,31]. For instance,
researchers have studied the direct electrolysis of the captured CO»-
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Scheme 2. Chemical structures of the amines used in this work.
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Scheme 3. Schematic representation of (a) CO, absorption experimental setup, and (b) CO, loading capacity determination.

amine solution, including MEA and AMP solutions, [32-34] and some
surfactants in the media, such as CTAB [35]. Their studies indicated that
CO; reduction can be negatively affected when such complex compo-
nents in the electrolyte prevent CO3 from reaching the electrocatalysts’
active sites. Thus, the separation process can be an important step for the
selective formation of the desired product in the bicarbonate pathway.

This paper reports an investigation of the CO, capture into bicar-
bonate using a surface-active amine as capturing solution. The surface-
active amine was generated by attaching PO groups to DMAPA’s pri-
mary amino group at different levels (DMAPA-xPO, x = 4, 6, 8, 12). The
CO4, capture capacity and the bicarbonate generation were analyzed by
13C NMR spectroscopy. Results showed that surface-active amine with
an optimal PO level (DMAPA-6PO) enhanced the bicarbonate concen-
tration by approximately 54%, in comparison to DMAPA with no PO
attached, because of enhanced CO5 solubilization in the aqueous media.

2. Experimental
2.1. Chemicals

DMAPA and DMAPA-based surface-active amines (DMAPA-xPO)
were provided by Harcros Chemicals. The carbon dioxide (CO3) gas of
an industrial grade (99.5%) was obtained from Linde Gas & Equipment
Inc. Hydrochloric acid (HCI) 3 N and methyl orange indicator powder
were purchased from Aqua Solutions and Thermo Scientific, respec-
tively. All chemicals were used without further purification. Scheme 2
shows the chemical structure of the previously mentioned amines.

2.2. CO3 capture experiments

The overall CO; capture performance was evaluated by (1) the CO,
absorption capacity and (2) the COy loading of the samples with the
experimental setup shown in Scheme 3. For the CO9 absorption capacity
(Scheme 3a), a mass flow controller (FMA5508A-ST-CO, model by
OMEGA Engineering Inc.) continuously supplied CO3 gas at 50 mL/min

into the capture solution in a glass reactor at room temperature. The
solution was 600 mL of DMAPA or DMAPA-xPO (x = 4, 6, 8, and 12)
with a concentration of 0.116 mol/L for all experiments. All solutions
were prepared with deionized (DI) water (18.2 MQecm resistivity). A
stainless-steel sparger with a mean pore size of 2-10 pm was used as a
nozzle tip for the COy bubbling line. The temperature and pH were
monitored during the tests using the Fisher Scientific Accumet AE150
pH meter. The absorption experiments were finished when the pH of the
capture solution became constant. The amount of CO, absorbed by the
capture solution was determined by measuring the mass of the solution
before and after each test by using the Mettler Toledo ML104T analytical
balance; hence, no samples were taken for measuring the CO; absorp-
tion capacity.

In a second run of each CO; absorption experiment under the same
conditions, a 5 mL sample from the capture solution was taken every 10
min and placed into an Erlenmeyer flask for the CO; loading determi-
nation by titration using 2 M HCI solution and methyl orange as the
indicator. Scheme 3b gives a schematic of the setup. During HCI addi-
tion, CO4 gas was released upwards the glass tubing displacing the non-
reactive solution mixture level (H,SO4, NaHCOs3, and NaCl) [27]. The
CO4, loading was calculated by using the following equation [36]:

P(Veas=Vicr)
s — molco, i &)
co2 — -
mo,absorbem Cl Vl

where a¢o, is the CO; loading defined as mol of CO, captured per mole
of absorbent, R denotes the gas constant (8.314 L kPa/mol K), P (kPa)
and T (K) are the atmospheric pressure and temperature, respectively. C;
(mol/L) and V; (mL) are the concentration and volume of the sample
from the capture solution tested. The Vg5 — Vg term represents the
volume of the released CO; gas (mL) less the HCI volume used in the
titration from the measured volume of the displaced liquid. Addition-
ally, the CO, loading rate was calculated from the slope of the linear
portion in the CO; loading history.
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Fig. 1. (a) CO; capture capacity, and (b) CO, loading profile of 0.116 mol/
L DMAPA.

2.3. NMR analysis

13C NMR spectroscopy was used to determine the carbon species
generated from the CO; capture process, in particular, bicarbonate and
carbamate. Therefore, 0.5 mL of the capture solution was collected and
measured every 10 min during the absorption experiments. The samples
were prepared with 100 pL of deuterium oxide (Thermo Scientific, for
NMR 99.8 atom %D) to lock the system [37,38]. All analyses were
carried out with a relaxation delay time of 2 s and a number of scans of
1024 using the Bruker Avance III 500 instrument. A calibration curve
was used for the bicarbonate quantification. Thus, bicarbonate solutions
of 0.05-3 mol/L concentration were prepared using potassium bicar-
bonate (Honeywell, ACS reagent > 99.7%). Fig. S1 of Supporting in-
formation shows the obtained calibration curve. Alternatively, the
quantification of carbamate was also estimated based on the following
equation [38]:

N, Ay M,

a = N 2
" mbNa Ab Mb ( )

where N is the number of carbons related to the signal, A is the area
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Fig. 2. (a) CO, absorption capacity, and (b) CO5 loading profile of 0.116 mol/L
DMAPA-xPO (x = 4, 6, 8, 12).

under the NMR signal, M is the molecular weight, my is the mass of the
reference material, and m, is the mass of the analyte. As the reference,
0.02 g of tetramethylammonium chloride (Acros Organics, 98+%) was
added during the sample preparation. The bicarbonate amount was also
estimated by Eq. (2) and compared with NMR results, as listed in
Table S1.

2.4. Surface tension measurements

Surface tensions were measured for amine solutions at room tem-
perature by the CNC-DuNouy Interfacial Tensiometer (Cat. No. 70545)
from CSC Scientific Company, Inc. The measurement range was 0-90
dynes/cm. A platinum-iridium ring of 6 cm circumference was used for
the evaluations. Before each analysis, the ring was cleaned with soap,
rinsed with isopropanol, and dried by air.
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Table 1
Summarized results for the overall CO, capture performance of 0.116 mol/L
DMAPA-xPO (x = 4, 6, 8, 12).

Sample CO, CO,, Loading® CO; Loading Rate
Absorption” (mol CO,/mol (min™1)
(g COy/L) amine)
DMAPA 7.22 1.18 0.0212
DMAPA-4PO 7.08 0.98 0.0291
DMAPA-6PO 8.40 1.38 0.0265
DMAPA-8PO 6.52 0.92 0.0280
DMAPA- 5.75 0.78 0.0252
12PO

2 STD CO, absorption: + 0.03; bSTD CO; loading: + 0.02.
3. Results
3.1. COg capture performance of DMAPA and DMAPA-xPO

Firstly, the overall COy capture performance of DMAPA without
modification was evaluated. Fig. 1a shows the CO2 absorption capacity.
The mass of CO3 absorbed by 0.116 mol/L DMAPA solution was 7.22 g/
L, which was much greater than that by DI water, 0.33 g/L. The two
amino groups present in DMAPA reacted with CO, through the zwit-
terion and the base-catalyzed hydration reactions [39,40], increasing
the CO3 solubility in the media, and therefore, the CO, absorption ca-
pacity [29]. During the absorption process, the pH of the solution
decreased as a consequence of these acid-base reactions, as illustrated in
Fig. S2a. The high initial value of 11.97 dropped to 7.20, which
remained constant after 80 min of reaction.

The CO3 loading history with DMAPA is shown in Fig. 1b. After the
capture reaction started, the ratio of the CO5 concentration to the amine
concentrations increased to reach a maximum, 1.18 mol of CO5/mol of
amine, from 60 to 80 min. This loading capacity measured for DMAPA is
in concordance with previously reported values, 1.05-1.35 mol of COy/
mol of amine [23,41,42]. Additionally, the COy loading rate was
calculated to be 0.0212 min~! from the CO, loading profile, as observed
in Fig. S2b.

After having completed the performance of DMAPA as a reference
sample, the amine with the built-in surface activity at different levels
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was evaluated as shown in Fig. 2. Among all the PO levels tested,
DMAPA-6PO exhibited the highest CO, absorption capacity with 8.40 g/
L, which was greater than DMAPA with no PO groups by 16%. PO levels
lower (4PO) and higher (8PO and 12PO) than 6PO adversely affected
the CO4 capture capacity, underperforming DMAPA (see Fig. 2a). Thus,
the built-in surface activity at the optimum level of 6PO allowed for a
greater CO; dissolution, resulting in higher absorption capacity.

Moreover, the CO; loading profiles shown in Fig. 2b corroborated the
absorption capacity tests. The optimum 6PO level exhibited the highest
loading ratio of 1.38 mol of COy/mol of amine at 70 min of reaction.
From this point on, the loading capacity was constant over an extended
period (Fig. S3). The CO, capture kinetics was influenced by the
different PO levels, in which an average rate of 0.0265 min~' was
greater than that of DMAPA (see Fig. S4). All results are summarized in
Table 1. Overall, the built-in surface activity enabled DMAPA to increase
the CO3 capture kinetics, while significantly increasing the absorption
capacity with the optimal PO level of six.

The CO; dissolution in the capture solution can play an important
role in CO4 capture. Therefore, the effect of PO groups on the surface
tension of DMAPA-xPO solution was evaluated as presented in Fig. 3.
The surface tension decreased with the PO level, starting at 42.9 dynes/
cm for DMAPA-4PO to 37.1 dynes/cm for DMAPA-12PO, which were
smaller than 67.6 dynes/cm for DMAPA by 36-45%. The reduction in
surface tension likely caused a beneficial effect on the mass transfer rate
[43], as shown by the enhanced rates of CO5 loading capacity in Table 1.
Fig. 3 also shows a correlation with the CO; loading rate. As the surface
tension was reduced by the PO incorporation, the CO, loading rate
increased up to 0.0291 min~!, which was 37% greater than that of
DMAPA. The PO group reduced the surface tension of DMAPA solution,
and therefore increased the CO5 dissolution kinetics.

Although DMAPA-12PO showed the smallest surface tension among
those tested, it exhibited the worst performance of CO5 capture. This
observation can be associated with the surfactant properties of incor-
porated PO groups. A small hydrophobic head, such as propylene oxide
(PO), exhibits high CO; affinity, resulting in a high CO, solubility
because of a reduced repulsion in the aqueous media [29,30]. Simulta-
neously, the increasing steric hindrance because of the longer hydro-
carbon chain in the increasing PO level negatively affects the CO5
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Fig. 3. PO group effects on surface tension and CO; loading rate of 0.116 mol/L DMAPA-xPO (x = 4, 6, 8, 12).
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Fig. 4. (a) CO, loading profile of 0.116 mol/L DMAPA + 0.01 mol/L glycerol-xPO (x = 4, 12, 30), and (b) CO, loading overview for DMAPA + glycerol-xPO tests. C1
is defined as 0.116 mol/L DMAPA-xPO (x = 4, 6, 8, 12) experiments; C’1 is defined as 0.116 mol/L DMAPA + 0.01 mol/L glycerol-xPO (x = 4, 12, 30) experiments;

C’2 is defined as 0.25 mol/L DMAPA experiments.

capture ability of the amino group [27,44]. Although incorporating PO
groups into DMAPA tends to reduce its surface tension to enhance COy
dissolution, an optimal balance between CO, dissolution and the
chemically steric environment is required for the amino group to
effectively drive the CO2 capture reaction. Results in this research

showed that this optimal balance was taken by DMAPA-6PO.
Surfactants as additives to an amine solution may promote undesir-
able foam formation in amine solutions, as reported in the literature
[27]. However, the built-in surface activity in DMAPA-xPO samples
exhibited negligible foam formation in this research likely because the
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Table 2

Summarized results for the added surface activity experiments using a DMAPA

+ glycerol-xPO mixture.

(a)
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Concentration (mol/ Capture Surfactant CO, Loading”
L) solution (mol CO2/mol
amine)
0.116 DMAPA None 1.18
Glycerol 4-PO 1.17
0.01 mol/L
Glycerol 12- 1.18
PO
0.01 mol/L
Glycerol 30- 1.15
PO
0.01 mol/L
0.25 DMAPA None 1.22
Glycerol-4PO 1.23
0.01 mol/L
Glycerol-4PO 1.24
0.05 mol/L
Glycerol-4PO 1.26
0.10 mol/L

@ STD CO, loading: + 0.02.

PO group is a low foaming block [45]. Also, the PO groups at the end of
the hydrocarbon chain resulted in low foaming capabilities of nonionic
surfactants [45].

3.2. Built-in vs added surface activity

The effectiveness of DMAPA with the built-in surface activity
(DMAPA-xPO) was compared to DMAPA with added surface activity
(DMAPA + surfactant). For this purpose, glycerol-xPO (x = 4, 12, 30)
was used as a surfactant additive. The glycerol-xPO samples were pre-
pared and provided by Harcros Chemicals. The results are shown in
Fig. 4. Using a 0.01 mol/L concentration of glycerol-xPO for all different
levels and a 0.116 mol/L DMAPA capturing solution did not improve the
CO; loading capacity. The maximum value was 1.18 mol of COy/mol of
amine, and they exhibited similar histories as DMAPA (see Fig. 4a). This
behavior is related to the constant CO, capture capacity shown at all
different levels with an average value of 7.21 g/L, as illustrated in
Fig. S5.

Additionally, experiments using a higher DMAPA concentration
(0.25 mol/L) with a fixed PO level (glycerol-4PO) at concentrations of
0.01, 0.05, and 0.1 mol/L were carried out to evaluate the influence of
the added surface activity. As can be seen in Fig. 4b, the results exhibited
that no significant COz loading enhancement was achieved by increasing
either DMAPA concentration or glycerol-4PO concentration. Through
these variations, the maximum CO5 loading of the mixture was 1.24 mol
of CO/mol of amine, which was only slightly higher than the 1.22 mol
of COy/mol amine of 0.25 mol/L DMAPA. All results are listed in
Table 2.

This unaffected behavior is in concordance with the literature for
different types of surfactants, including nonionic and cationic ones, at
different concentrations [27]. Thus, the addition of glycerol-xPO as
surfactant to DMAPA solution did not affect its COy capture capacity
because of the limited surface activity and tendency to form micelles
that tend to limit the mass transfer at the gas-liquid reaction interface
[27,28]. It is reasonable to conclude that the built-in surface activity is a
promising method to enhance the overall CO, capture capacity of an
amine-based solution.

3.3. Bicarbonate production

The bicarbonate production analysis and quantification were carried
out by 13¢ NMR spectroscopy. For this purpose, the concentration of the
amines used in these experiments was increased to 0.25 mol/L. The
results for DMAPA are shown in Fig. 5. From the beginning of the
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Fig. 5. (a) '3C NMR spectra of 0.25 mol/L. DMAPA solution during CO, cap-
ture; (b) Concentration profile of carbamate/bicarbonate species detected
during CO; capture.

capture process, a signal of carbamate was detected at a chemical shift of
164.76 ppm in the 13C NMR spectra as shown in Fig. 5a since DMAPA
contains a primary amino group that reacts with CO, to form these
species [22,46]. In addition, another signal at 160.52 ppm associated
with bicarbonate species was observed from 30 min of reaction time
because of the reaction product from the tertiary amino group and CO»,
as well as from the hydrolysis of carbamate [23,46]. These results
indicated that the primary amino group in DMAPA reacted faster than
the tertiary amino group. The quantification of both species during the
reaction is illustrated in Fig. 5b. As it can be seen, the faster carbamate
production reached its maximum at 30 min with 0.20 mol/L. From this
point on, the concentration decreased until it reached a constant value of
approximately 0.16 mol/L, corroborating the hydrolysis process of
carbamate species. Additionally, bicarbonate generation was detected
from 20 min, and it reached a constant concentration of aproximately
0.36 mol/L at 60 min of reaction. Therefore, the bicarbonate generation
by DMAPA was retarded for 20 mins by the carbamate generation.

The '*C NMR spectra obtained from the DMAPA-6PO are shown in
Fig. 6a. A single C=0 signal at 163.31 ppm was observed after 10 mins
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Fig. 6. (a) 13¢c NMR spectra of 0.25 mol/L DMAPA-6PO solution during CO, capture; (b) Bicarbonate concentration profile during CO, capture.



O.A. Carrasco-Jaim et al.

Table 3
Summarized bicarbonate production parameters.

Sample HCO3 Time to reach the Average rate
concentration® equilibrium state (min) (mol/Lemin)
(mol/L)
DMAPA 0.3664 56.90 0.0064
DMAPA- 0.4373 47.22 0.0092
4PO
DMAPA- 0.5647 68.72 0.0082
6PO
DMAPA- 0.4272 45.31 0.0094
8PO
DMAPA- 0.3242 46.15 0.0070
12PO

2 STD HCOj3 concentration: + 0.002.

of the reaction. Since the resonances of carbonate and bicarbonate
species are expected at 168.5 and 160.5 ppm, respectively, this observed
signal can be related to a carbonate and bicarbonate mixture in rapid
equilibrium with a higher concentration of carbonate species because of
the initial high pH value of the reaction (pH = 12.27) [46-48]. As the
reaction continued and more CO, was introduced into the solution, the
intensity of this signal increased and shifted to 160.41 ppm accompa-
nied by a decrease in pH to 7.12, as evidence of a higher bicarbonate
concentration. This effect can be seen in the other 4PO, 8PO, and 12PO
samples presented in Fig. S6. No other signals associated with C=0 for
free CO4 (124.5 ppm) or carbonic acid (156.5 ppm) were detected at any
point of the reaction, suggesting a low concentration as a consequence of
continuous consumption of these species [47]. In addition, the carbon
signals associated with the chemical composition of DMAPA, and the
surface-surface active amine including those from ~CHy-N—, -CH3-N-,
~CH3-CH- bonds [49] were observed below 80 ppm in the full *C NMR
spectra shown in Fig. S7. Therefore, the bicarbonate detection was not
interfered by the presence of such compounds.

Contrary to DMAPA, the surface-active amine generated only bi-
carbonate species during the CO5 capture process. The built-in surface
activity by incorporating PO groups into the primary amino group of
DMAPA allowed the formation of a second tertiary amino group in the
molecule, preferably producing bicarbonate. However, having two ter-
tiary amines while adding built-in surface activity was not the only
booster for bicarbonate generation. The optimal PO level appeared to be
the crucial factor (Fig. 6b).

DMAPA-6PO exhibited a superior performance among the different
PO levels tested with a final bicarbonate concentration of 0.56 mol/L,
which represents an increment in bicarbonate concentration of 54%
compared with DMAPA. Fig. S8 shows the histories of bicarbonate
generation for DMAPA and DMAPA-xPO. Table 3 shows the final bi-
carbonate concentrations, the periods required for reaching the equi-
librium states, and the average rates of bicarbonate generation.
Although the steric effect should be less with DMAPA-4PO than DMAPA-
6PO, the CO; loading of DMAPA-6PO was approximately 40% greater
than that of DMAPA-4PO as shown in Table 1. Likewise, DMAPA-8PO
and —12PO resulted in less CO, loading than DMAPA-6PO. Also, these
larger PO groups negatively affected the surface-active amine perfor-
mance because of their steric effect [27,44].

Although DMAPA-4PO exhibited more bicarbonate generation than
DMAPA, it showed less CO2 loading capacity than DMAPA. To clarify
these points, the CO, loading capacity/HCO3 generation ratio was
calculated to be 3.22 for DMAPA, and 2.24 for DMAPA-4PO. It is evident
that the primary amino group in DMAPA reacted with CO5 in combi-
nation with the tertiary amino group allowing more CO; loading ca-
pacity. However, this primary amino group did not significantly
contribute to the bicarbonate generation. The CO2 loading capacity/
HCO3 generation ratio for DMAPA-6PO was calculated to be 2.44,
which is greater than DMAPA-4PO and explains that the optimal PO
level allowed a higher bicarbonate generation ratio.
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Fig. 7. Relationship between CO, absorption capacity and bicarbonate pro-
duction for DMAPA and DMAPA-xPO (x = 4, 6, 8, 12) samples.

Overall, the incorporation of PO groups enhanced the produced bi-
carbonate concentration and the bicarbonate generation average rate of
DMAPA. Among all DMAPA-xPO samples, DMAPA-6PO showed the
longest time to reach the equilibrium state with 68.72 min while
generating the greatest bicarbonate concentration. These results sug-
gested that the optimal built-in surface activity in DMAPA-6PO
enhanced the bicarbonate generation, as shown in Fig. S9. This obser-
vation can be correlated to the central role of the PO groups in the
surface-active amine, allowing more CO; dissolution in the aqueous
amine solution without taking part in the capture and in-situ conversion
process at the nitrogen atom in the amino groups. This correlation can be
appreciated in Fig. 7. The largest mass of CO5 absorbed by the amine
solution was determined to be 8.4 g/L in DMAPA-6PO, also exhibiting
the highest bicarbonate concentration of 0.56 mol/L. In contrast, the
lowest bicarbonate amount of 0.32 mol/L was produced by DMAPA-
12PO, which also showed the smallest CO5 absorbed mass (5.75 g/L).
Thus, the built-in surface activity represents an effective pathway to
enhance the overall CO5 capture capacity, allowing more CO, dissolu-
tion that can efficiently be converted into bicarbonate by the tertiary
amino groups.

The bicarbonate production was also evaluated at different concen-
trations of DMAPA-6PO surface-active amine. In addition to 0.25 mol/L
as previously tested, 0.05, 0.35, and 0.4 mol/L were evaluated under the
same experimental conditions. As shown in Table S2, as the surface-
active amine concentration increased, the bicarbonate concentration
consistently increased up to 0.88 mol/L using 0.4 mol/L DMAPA-6PO,
with an average ratio of 2.17 mol of HCO3/mol of amine, while the
average CO loading ratio was constant around 1.30 mol of CO5/mol of
amine. These results corroborated the remarkable performance of
DMAPA-6PO for bicarbonate production while capturing COs.

The proposed pathways for COy capture and in-situ conversion into
bicarbonate are presented in Fig. 8. Initially, CO, gas is dissolved in
water which acts as a nucleophile (Lewis base) to produce carbonic acid
at a low concentration (Fig. 8a). Then, the surface-active amine takes
place as a proton acceptor (Bronsted base) and reacts with CO5 in the
form of carbonic acid, producing an equilibrium state between carbon-
ate and bicarbonate, and protonated amine (Fig. 8b). As the protonation
of the surface-active amine increases, the basicity of the amine is
consumed and the pH decreases, favoring the bicarbonate production.
Along with this pH reduction, carbonate can also deprotonate carbonic
acid to produce bicarbonate as a simultaneous reaction (Fig. 8c). Note
also that these CO2 reaction pathways could occur simultaneously at the
second nitrogen in the DMAPA-xPO molecule. However, the
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Fig. 8. Proposed pathways for CO, reaction with DMAPA-xPO in aqueous solution: (a) CO, dissolution into H,CO3 in aqueous phase; (b) DMAPA-XPO reaction with

H,CO3 to produce HCO3; and (c) HCO3 deprotonation to form HCO3.

Table 4
Comparative table of different CO, capture systems and their performances.
No.  Capture system Amine capture Added CO;, loading CO;, capture experimental HCOj3 generation Reference
solution surfactant (mol CO,/mol conditions (mol HCO3 /mol
amine) amine)
1 Single amine MEA None 0.56 1 L COy/min No reported [53]
(30 wt%) 40-80 °C
2 AMP None 0.86 No reported
(30 wt%)
3 Single amine DMAPA None 1.02 15 vol% CO, No reported [41]
(1 mol/L) 25°C
4 Amine solution mixture DMAPA-NHD-H,0 None 1.06 12.5 vol% CO, No reported [37]
40 °C
5 Amine + surfactant MEA Triton X100 0.55 95 mL CO,/min No reported [27]1
(30 wt%) (0.28 mmol/ 40 °C
L)
6 CTAB 0.60 No reported
(0.96 mmol/
L)
7 Built-in surface active DMAPA-6PO None 1.38 50 mL CO,/min 2.17 This
amine (0.116 mol/L) Room temp. research

Ambient pressure

investigation into mechanisms with the multiple performing nitrogen
sites, as well as their production ratio, is out of the scope of this paper.
The PO groups and the amino groups play different roles in enhancing
the overall bicarbonate generation.

The cost-competitiveness analysis of this bicarbonate pathway must
include CO5 capture as bicarbonate, bicarbonate/surface-active amine
separation by a membrane, and the surface-active amine regeneration
by deprotonation, among many other factors. That scenario also in-
cludes the bicarbonate conversion into formate/formic acid by elec-
trolysis. Such analysis will be performed in the next phase of research
considering different parameters, such as the energy consumption for
solvent regeneration (conventional COy capture using MEA around

10

3.5-3.8 GJ/ton CO3) [50-52].

Nevertheless, Table 4 presents a comparison between CO» capture as
bicarbonate and conventional CO; capture. It shows that the built-in
surface activity of DMAPA-6PO exhibited superior CO, loading perfor-
mance in comparison to different systems composed of single amines,
amine solution mixture, and amine + surfactant. The bicarbonate gen-
eration was proposed and studied for the first time in this research as an
alternative to conventional CO capture technologies.

4. Conclusions

We demonstrated the technical feasibility of CO, capture and in-situ
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conversion into bicarbonate by using DMAPA with the built-in surface
activity by PO-group incorporation that enhanced the bicarbonate
generation. The CO; capture experiments under ambient conditions and
13C NMR spectroscopy analyses revealed that the built-in surface ac-
tivity enhanced CO; solubilization in the aqueous amine solution,
improving the COy capture and conversion into bicarbonate. Using an
optimal PO incorporation (DMAPA-6PO), the bicarbonate generation
was improved by 54% compared to DMAPA without the built-in surface
activity. CO, capture as bicarbonate as studied in this research can be
integrated with electrochemical conversion into green carbon chem-
icals, such as formic acid, toward carbon neutrality in the energy
transition.
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