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ABSTRACT

Based on NMR speciation, heat of absorption and pH data, the reactions occurring in aqueous
MAPA (3-(Methylamino)propylamine), DEEA (2-(Diethylamino)ethanol) and their blend at
various carbon dioxide (CO.) loadings were identified and discussed.

At increasing CO2 loading, the basicity of the solutions decreased. In the MAPA solvent, this
led to the hydrolysis of the carbamate species, which corresponded to a drop in the heat of
absorption. In the blend, due to the activity of DEEA, such a drop in both pH and heat of

absorption was not noticeable. In the presence of MAPA, in the early loadings DEEA had not
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yet an influence on the (bi)carbonate formation, but mainly on the MAPA activity. However,
as soon as the trend for (bi)carbonate formation went as in DEEA singly, the released heat
steadily decreased. Both in single and blended MAPA, the carbamate hydrolyses started at

similar pH values, i.e. about 9.8-9.5.
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1. INTRODUCTION

1.1. Background

Carbon dioxide (CO.) from human activities has been recognized as the greenhouse gas making
the largest contribution to the global warming, and actions to reduce its concentration in the
atmosphere are solicited. | Amine scrubbing is one of the most common technology for removal
of CO, from flue, natural and other exhaust gases of different industrial sources.” The
benchmark absorbent is monoethanolamine (MEA, a primary amine) in an aqueous mean,
which is known for its high reactivity and favorable reaction kinetics toward CO», but it suffers
from degradation and unfavorable thermodynamics.® Replacing MEA is a challenging task
because the selection of any new absorbent should take into account several key criteria, like
e.g. chemical and physical properties of the solvents, kinetics and thermodynamics of chemical
reactions, environmental impacts, costs and so on.*

To reach ideal solvent properties, aqueous blended amines are receiving great attention, as the
best features of two or more amines can be combined and/or even improved.’ The mixture
composed of MAPA, 3-(Methylamino)propylamine, and DEEA, 2-(Diethylamino)ethanol, is
a promising CO; absorbent. MAPA is a diamine, composed of a primary and a secondary amino
functional group, which shows favorable kinetics of reaction but high heat of absorption, while
for DEEA, a tertiary amine, the opposite is true.® Several key properties, like e.g. heat of
absorption, kinetics and volatility, of MAPA-DEEA blends both as single phase and/or as de-
mixing solvent have been studied.”” The reaction mechanisms of MAPA and DEEA, singly
and in blend, is also under investigation as it would allow the optimization of the existing
solvents and the design of new ones with improved properties. Recently, Zhang et al. '°
performed an NMR speciation analysis for CO; loaded aqueous MAPA and MEDA (N-

Methylethylenediamine), two diamines with different chain lengths, to understand the

competitive reactions between the intramolecular amino functional groups. Based on the
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amount of each species as well as on the pH values at various addition of CO», three different
stages of reactions were identified for each amine solvent. However, in that study, MAPA was
investigated singly only. In 2018, Perinu et al.!! performed by means of NMR spectroscopy a
chemical speciation analysis on MAPA, eight tertiary amines (including DEEA) and their
blends after CO, absorption (40 °C) and desorption (80 °C) tests in a screening apparatus. For
each amine system, the speciation analyses were performed on a unique sample withdrawn
after the absorption screening experiments, which terminated when the effluent reached 9.5
kPa partial pressure of CO,.'? Highlights on the role played by the tertiary amines in the
presence of MAPA were reported and it was hypothesized that the tertiary amines, which act
as Bronsted bases, contribute to reduce the protonation of MAPA species in favor of MAPA
carbamate formation. A list of the probable reactions was included in the study, but it was
possible neither to confirm them nor to define at which stage of the CO, addition they were
occurring.

During the absorption of CO; by an amine system in an aqueous mean, several acid-base
reactions are involved, and the species found at the equilibrium depend on the chemical
reactions occurred, which in turn depend on the chemical properties of the amines and reaction
conditions. Many factors may indeed influence the CO> absorption capacity of a solvent, like
e.g. type of amines and chemical structure, concentrations, basicity (pH of the solution and pKa
of the amines), reaction energy and so on, and when selecting a solvent, the different features
should be taken into consideration.!*> Moreover, when two or more amines are in mixture, the
CO; loaded amine systems become more complicated as each amine group react differently
and the ratio between the amines has an impact too.

The primary reactions between amines and CO; in water are mainly known and largely

discussed in literature. As general, in an aqueous amine system in the presence of CO2, amine
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carbamate (RjRaNCOO") and bicarbonate/carbonate (HCO3/COs*) are the two main reaction
products, which strongly affects the total amount of CO, absorbed and released.

Amine carbamates are usually formed by the reaction of primary and/or secondary amines with
CO: in the presence of a base (Reaction 1).

RiR:NH + CO; + B SRiR:NCOO™ + BH' (1)

The base (B) can be an amine and/or water. The carbamate forming reaction is the reaction of
the lone pair of the amine nitrogen (which is a Lewis base) with the electrophilic centre (Lewis
acid) of CO,.!* Several mechanisms have been proposed in literature (Scheme 1) and, due to
the fast kinetics and the wide range of amine conditions (such as type of amine, concentrations,
pKa), they are still under debate.!> !® One possibility is that the amine carbamate is formed
through an intermediate, either carbamic acid (Scheme 1a)!® or zwitterion (Scheme 1b)!'7, or
through a single step (Scheme 1c)'8, that is a termolecular reaction between CO,, the amine
and a base (B).

o]
m” T’] ﬁ T'] ﬁ
N - N—C

N I = N—C
\>H O [ ] |
Rz H---O" OH .g

a)
R{

z—x2
(@)
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o—o

Scheme 1. The main reactions mechanisms available in literature for amine carbamate

formation. B represents a Bronsted base.
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Secondary amines form amine carbamates less stable than those obtained by primary amines.
The carbamate hydrolysis constants of secondary amines are at least one order of magnitude
larger than those of corresponding primary amines.!® This lower stability may be because the
nitrogen (N-) atom is more hindered than in a primary amino group.

Tertiary amines cannot react with CO» directly, although a limited number of authors have
observed the formation of alkyl carbonate in aqueous tertiary alkanolamines.!!2°23 Jorgensen
and Faurholt?® suggested the reaction (2) in basic aqueous solutions of amino alcohols, and
proposed the overall reaction (3) (which represents the inverse of the alkyl carbonate
hydrolysis) as they observed the formation of the alkyl carbonate when mixing amines,
bicarbonate and carbonate.

RiR2N(CH2),OH + CO; + OH" 5 R1R2N(CH2),OCOO™ + H>0 (2)
R1R2N(CH2),OH + HCO3™ S R1R2N(CH2),OCOO™ + H,0 3)

At pH lower than 12, the rate of its formation is negligible and doesn’t lead to relevant amount
at equilibrium. However, the amount of this species is documented to increase at increasing

CO; loading (decreasing pH), as reported in Beherens et al.?!

in a study specific on
monolakylacarbonate formation in aqueous MDEA (Methyldiethanolamine). In that study, it
was concluded that, though formed in relatively small amount and very little knowledge are
available on it, those species must be taken into consideration in the models describing the
liquid phase reactions. In most cases, this species was indeed neglected, and in some NMR
studies the corresponding peaks were attributed to undefined side-products and/or impurities.

A primary reaction between CO: and tertiary amines in aqueous solutions is instead a kind of
base catalysis of the CO; hydration leading to the formation of bicarbonate (reaction 4), through

an acid-base buffer mechanism.

R:N + CO; + H2O S RsNH' + HCOs 4)
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It is known that, in an aqueous mean, CO; can react with OH™ (reaction 5), followed by the
reaction 6, and HxO (reaction 7).2* Reaction 7 is negligible at pH higher than 10, whereas at
pH between 10 and 8 both reaction pathways (5 and 7) are possible.?> 26 It is observed that the
loss of the proton from the H>O molecules can cause an enormous increase in the affinity for
CO,*" and, then, the reaction 7 can be catalysed by chemical constituents able to get hydrogen
ions. On this regard, tertiary amines are good Brensted bases, which by definition are
substances able to accept a proton (reaction 8). * ?® The pair of unshared electrons on the

nitrogen indeed enables amines to act as general base catalysts.

CO2+ OH S HCOy (5)
HCO; + OH" S COs* + H,0 (6)
CO2 + H20 5 H,CO3 S HCOs + HY (7)

R:N + H,0 S R:NH™ + OH (8)

In literature, for (bi)carbonate formation in the presence of a tertiary amine, several
mechanisms have been proposed,® and for all of them the overall pathway is represented by
reaction 4 (overall reaction, 5+8). %28 2% A possible chemical path for reaction (4) is assumed
to be a termolecular reaction (scheme 2a) where a hydrogen bonding between the free amine
and water increases the nucleophilic reactivity of the water towards CO».%* 3! Depending on
the basicity of the amines, a two-step cascade reaction is also possible, that is reaction 8
followed by reaction 5.3 Moreover, it was also suggested the formation of an intermediate in

the catalytic path, as shown in the Scheme 2b.?®

H P 2 Q
@] (@) —— R3NH+ HO—C -~ R3N:'““C -~ R3N'- + C
/ n v + H,0 1\ I
R3N: ----- H b(l? @) 0] O
@)
| |
a) b)

Scheme 2. Possible reaction mechanisms for CO; hydration catalyzed by a tertiary amine.
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In addition, bicarbonate is also formed through the hydrolysis of the amine carbamate. Due to
steric hindrance or weakly alkalinity, the amine carbamate can become unstable, leading to the
formation of HCO3", as in reaction 9.3%3*

R;R;NCOO" + H,0 (+ HY) 5 RiR;NH(H") + HCO5 9)

1.2. Aim of the work

An aqueous amine system in the presence of water and CO; leads to the occurrence of several
parallel and/or consecutive reversible reactions. Knowing the structure and the amount of the
reaction products is fundamental, as well as the measurement of the pH may be valuable to
understand the dynamics leading to specific reaction pathways and the position of the acid-
base reaction equilibria. By measuring pH, the status of equilibrium of all acid-base containing
reactions is indeed measured. Moreover, the heat released during the addition of CO2 in an
amine solution is directly related to the steam consumption and gives information on how
sensitive the system is when subject to a change in temperature.®®> The heat of absorption is
given by the combination of the heat of physical dissolution of CO; into the amine solvent and
the heat of reaction between CO> and the amine solvent. The formation of carbamate is an
exothermic reaction, whose released heat is higher than that for the formation of bicarbonate.’
The present study aims to understand the reaction mechanisms of the absorption of CO; in
aqueous MAPA and DEEA, singly and in mixture, and the factors influencing them. Speciation
analyses, as given by NMR (Nuclear Magnetic Resonance) spectroscopy, pH and heat of
absorption measurements were performed at various addition of CO; in the amine solvents.
The heat of absorption and pH measurements were combined to the NMR speciation data to be
able to explain them in a more fundamental level. Insights on the chemical reactions are given,

and reactions mechanisms are discussed.
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2. EXPERIMENTAL SECTION

2.1 Chemicals

The chemicals 3-(Methylamino)propylamine (=97%, CAS: 6291-84-5) and 2-
(Diethylamino)ethanol (>99.5%, CAS: 100-37-8) were purchased from Sigma-Aldrich, and
Carbon Dioxide (99.999%) was purchased from AGA. The chemicals were used without

further purification.

2.2 Sample preparation and density

Aqueous MAPA 1M, DEEA 3M and MAPAIM-DEEA3M were prepared in a volumetric
flask: the required amounts of amines were weighed on a Mettler Toledo balance (model
MS6002S, d = 0.01 g), and distilled water was added up to a predetermined volume and
weighed. The density of the unloaded solutions was measured at 25 °C using an Anton Paar
DMA 4500 M densitometer. The nominal repeatability, as given by the manufacturer, was 0.01
kg/m? and 0.01 °C. A detailed description of the experimental procedure is given by Pinto et
al.’® The density of the loaded solutions was measured, as reported in Perinu et al. 2018,!! by
weighing on a Mettler Toledo analytical balance (model ME204, d =0.0001 g) 1 mL of sample
(as measured by Hamilton syringes, model 1001 TLL) at room temperature. The uncertainty
of this procedure was determined to be <0.6%. In Tables S1 and S2 of the Supporting

Information, the densities of unloaded and loaded solutions are reported, respectively.

2.3 CO: loading

CO; loaded MAPA 1M, DEEA 3M and DEEA 3M-MAPA 1M solutions were prepared by
bubbling pure CO; gas into each amine solution at room temperature. To prevent an excessive
overheating of the solution, and thus water and amine loss, CO> was slowly added into the

solutions. Furthermore, the concentration of the amine solutions before and after CO> bubbling
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was measured and the error percentage was lower than 1.5 %, i.e. within the analytical error.
The highly CO»-loaded amine solutions were mixed with respective unloaded amine solution
to obtain the predetermined CO; loading. To determine the CO» loading, the amine and CO
concentrations were analyzed using the titration and the precipitation methods, described in

Ma’mun et al.’

2.4 NMR experiments

NMR is a powerful non-invasive analytical technique for chemical analyses and allows direct
access to the chemical composition of CO2 capture solvents (speciation). Chemical structures
of the molecules, including unknown products and/or side-products, can be defined, and in
proper performed NMR experiments the species can also be quantified.?®

A liquid sample of each solution at different loadings was taken for NMR analysis. NMR
experiments were performed at 26.85 °C on a Bruker 600 MHz Avance I1I HD equipped with
a 5-mm cryogenic CP-TCI z-gradient probe. Qualitative 1D and 2D NMR experiments were
performed to identify the species in solution, whereas quantitative '*C NMR spectroscopy was
applied to measure the corresponding concentration. The '*C NMR spectra were acquired with
the inverse gated decoupling acquisition sequence, using a recycle delay time of 120 s, a pulse
width of 11.4 ps (90° pulse angle) and 256 scans. Deuterated water was used as “lock” solvent
and was inside a coaxial insert, whereas Acetonitrile was chosen as internal reference standard.

Further details on the method are available in previous studies. ' ¥

2.5 pH measurements
The pH of each unloaded and loaded sample was measured using an InLab NMR pH electrode
by Mettler Toledo connected to a pH meter (SevenEasy by Mettler Toledo). The calibration of

the pH was performed using technical pH buffer solutions at pH 7.00, 9.21 and 11.00 provided
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by Mettler Toledo. Each solution was inserted in an NMR tube and immersed in a thermostatic
water-bath (Lauda, Ecoline E100) at T = 25.0 0.1 °C. Before and after the measurements of
the CO»-loaded amine solutions, the pH of the standard solutions was also measured as they
were samples, giving a pH variation of + 0.01. In Table S3 of the Supporting Information, the

pH values of the solutions are reported.

2.6 Calorimeter

Differential heats of absorption of CO2 in MAPA 1M, DEEA 3M and DEEA 3M-MAPA 1M
aqueous solutions were measured at 25 °C in a reaction calorimeter CPA-122 (Chemisens). To
validate the data, heat of absorption of CO; at 40 °C for MAPA 1M and DEEA 3M was
measured and compared to available literature data. The calorimeter is a stainless steel
mechanically agitated reactor with a volume of 2000 cm?®. The reactor was operated under
isothermal conditions and flow of heat, pressure, temperature and other parameters were
measured as a function of time. CO> was fed from two storage cylinders through a mass flow
controller. A detailed description of the experimental procedure is given in Kim and Svendsen*’
with a small modification given in Kim et al.*!

The experiments were initiated by evacuating the reactor to ~0.04 bar. Subsequently, around
1.1 - 1.2L of amine solution was fed to the reactor, and the reactor was once again evacuated
to degas the solution. When the system reached equilibrium, under stirring at the experimental
temperature, CO; was added to the reactor through a bottom valve. The system was left to reach
equilibrium before a new batch of CO; was fed into the solution. Equilibrium was considered
to be reached when there was no change in heat flow, temperature and pressure. This procedure
was repeated until the pressure in the reactor reached around 6 bar. At the end of the

experiment, a liquid sample was taken for CO2 analysis using the precipitation and titration

method.?’
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For each injection of CO», equilibrium CO; loading (molco2/molamine) Was calculated by
subtracting moles of CO; in the gas phase from moles of CO» fed into the reactor, and then
divided by moles of amine. Moles of CO» fed from the CO» vessel and present in the gas phase
were calculated by Peng-Robinson equation of state, using information about pressure
difference and temperature in the cylinder and the reactor, respectively. The last CO loading
deviated in average 2.4% from the CO; analysis. Heat of absorption was calculated by
integrating the heat flow curves and it was corrected for the compression-work and

cooling/heating effect of the incoming CO; gas.

3. RESULTS AND DISCUSSION

3.1 Heat of absorption: comparison to literature data

The differential heat of absorption of CO> (-AH, kJ/molcoz) in MAPA 1M, DEEA 3M and
DEEA 3M-MAPA 1M solutions, measured in this work (Tables S4-S8 of the Supporting
Information) and in the literature, are presented in Figure 1. The results show no significant
difference in the heat of absorption measured at 25 and 40 °C. Overall, for MAPA and DEEA,
the measured heat of absorption at 40 °C as a function of CO; loading follows the same
behavior as reported in the literature.% 7 4%42 For MAPA 1M, the heat of absorption was slightly
higher at low CO» loadings, but similar after a loading of 0.6 molco2/molamine. For DEEA, the
measured values were slightly higher throughout the CO: loading range than reported in Kim
and Svendsen®’ and Kim.** Nevertheless, the heat of absorption at 40 °C reported by Kim and
Svendsen*® were also lower than those reported by Knuutila and Nannestad® for the blended

DEEA-MAPA system measured at the same temperature.
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Figure 1. Differential heat of absorption of CO; in a) MAPA, b) DEEA and ¢) DEEA-MAPA

solutions.
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3.2 Chemistry of the system and NMR analysis

In the current study, the species identified and quantified at the equilibrium in the amine
systems under investigation at the different CO; loadings are represented in Figure 2. They are

in line with the typical reaction products expected by a primary/secondary diamine and a

tertiary amine in an aqueous medium in the presence of COy. -4+ 4°
H
N NH
MAPA
H i COO° COO-
_N.__~_NHCOO N A~ _NH;, _N__~_NHCOO
MAPACOO", MAPACOO", MAPA(COO"),
r T
Ho N~ cooco T o7 o)
DEEA DEEAOCOO- (Bi)carbonate

Figure 2. Chemical structure of MAPA, DEEA, their derivatives and (bi)carbonate in the
aqueous solutions in the presence of CO,. Each species is in equilibrium with the corresponding

protonated form.

MAPA/MAPAH/MAPA(H"), (simply reported as MAPA/MAPA(H"): along the manuscript
and in the graphs), primary MAPA carbamate (MAPACOO ,/MAPAH COO (), secondary
MAPA carbamate (MAPACOO /MAPAH COO ) and MAPA(COQO"), are the species
identified in the amine systems containing MAPA; DEEA/DEEAH" and tertiary amino
carbonate (DEEAOCOO/DEEAH"OCOQ") are identified in single and blended DEEA; and
(bi)carbonate species (HCO3/CO3%) is found in all the systems. Details on the corresponding
concentrations (mol/L) can be found in the Supporting Information (Tables S9-S11).

In the 3C NMR spectra, the signals corresponding to carbons of the protonated and neutral
form of each species (free/protonated amines and/or HCO5/COs*) appear with a common

signal because, at the selected temperature, the proton exchange is faster than the NMR time
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scale. The chemical shifts (expressed in ppm) depend on their ratio and, in the case of HCOs5"
and COs%, they can span from about 161.1 ppm for 100% HCOs™ to about 168.7 ppm for 100%
COs5*.%* In this study, an estimation of the HCO3™ and CO3* content was performed by applying
the method developed by Perinu et al. *°

To verify the reliability of the NMR data, the CO; loadings as measured by NMR and by
titration-precipitation method were compared (Figure 3). The measurements obtained by both
methods were fitting quite well, except for one point in a loaded solution of MAPA 1M.
Specifically, at the 7" CO> loading (0.94 molco2/molamine), as measured by using the titration-
precipitation method, and at 0.81 molco2/molamine, as measured by NMR analysis, there is a
mismatch. The reason may be related to the fact that the peak corresponding to the HCO3"
/COs* species was not identified in the NMR spectra, although this species might be present.

It may be possible that the peak corresponding to the (bi)carbonate species is overlapped with

the carbon-peak of the carboxylate ion of a MAPA carbamate species.

1.60

AMAPA 1M

1.40 ODEEA 3M

o MAPA 1M-DEEA 3M

1.20

1.00

0.80

o
o)
o

MOlco,/Mol,mine- Titration-precipitation
o
=
o
o

0.20 f

OOO 1 1 1 1 1 1 1
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

MOlcoo/MOl4mine- NMR

Figure 3. Comparison of molco2/molamine as measured by NMR and by titration-precipitation

analyses.



The identification and quantification of the species and the interrelation with pH and heat of
absorption data allowed defining a list of reactions occurring in the solvents under
investigation. For sake of clarity, all the reactions discussed in each section are here listed, but
they are not in the order they may occur in the different systems:

CO2-H:20 reactions

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Reactions (5), (6), (7) (see section 1.1)
H,05 H' + OH (10)
CO3* + CO2 + H,0 5 2 HCOs (11)
DEEA reactions

DEEA + H,0 S DEEAH' + OH- (12)
DEEA + CO; +H,O S DEEAH" + HCOj3™ (overall reaction, 5+12) (13)
DEEA + HCO3'S DEEAOCOO™ + H20 (14)
DEEA + MAPA(H"), SDEEAH* + MAPAH* (15)
DEEA + MAPAH COO () SDEEAH" + MAPACOO (py/(s) (16)
DEEA + MAPA +2 H,0 5 DEEAH"+ MAPAH™ + 2 OH (17)
MAPA reactions

MAPA + H,O S MAPAH" 5) + OH (18)
MAPAH 5y + H:O 5 MAPA(H), + OH (19)
MAPA + CO2 5 MAPAH 'COO (p)(s) (20)
MAPA + CO; + Amine 5 MAPACOO )(sy + AmineH" 21
MAPACOO s+ CO2 + AmineH" +AmineS MAPA(COO"), +2 AmineH" (22)
MAPA(COO )2+ H,0 + H* 5 MAPAH COO )s) + HCO3 (23)
MAPACOO pys)+ H2O + H* 5 MAPAH 55y + HCO3 (24)

MAPAH'COO sy + H2O+H™ 5 MAPA(H), + HCO5

(25)
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Reaction 10 is neither discussed nor mentioned during the discussion of the results, as it is
considered to be a default reaction. In the reactions 21 and 22, the “Amine” acting as counter-
ion (stronger Bronsted base) may change as a function of the solvents investigated. In reaction
20, the nitrogen of MAPAH COO ,)(s) not bound to CO; is protonated and acts as counterion

of the -COO" group.

33 Analysis of NMR speciation, pH and AH data

3.3.1 DEEA 3M-CO:-H:20 system

The concentration (mol/L) of all the species formed in aqueous DEEA 3M, in the presence of

different addition of CO», are plotted together with pH data (Figure 4).

3.0 14.0
[)

2.5 4 13.0
~—~
-
% 2.0 41 12.0
S
N
c i T
s 15 110 L
©
]
% 1.0 } 4 10.0
)
c
@]
O 05 1 9.0

0.0 8 o0oo o 0, (=1 0 =] . [ e 8.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
mo'COZ/mO|amine
o HCO;/COz* o DEEA(HY)OCOO" —— pH

Figure 4. NMR speciation and pH data in aqueous DEEA 3 M at increasing CO» loading (25
°C).

(Bi)carbonate (HCO5/COs*) and DEEAOCOO" are the two CO,-containing species present

at the equilibrium at the different loadings.
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DEEAOCOO" is found in negligible amount and it appears to have the tendency of increasing
at increasing addition of CO,, as for MDEAOCOQO" in the study on CO> loaded MDEA in
water by Behrens et al.?!

As expected, (bi)carbonate species are the main product of the CO; absorption and the total
concentration of HCOs™ and CO3? constantly increases since the beginning of the loading. In
this system, from 0.04 molCO2/molamine to about 0.59-0.69 molCO2/molamine, the chemical
shifts were ranging from 165.7 ppm to 162.8-162.3 ppm, respectively, and so were consistent
with the presence of both HCOs™ and COs*, with the HCOs™ content increasing at increasing
loading. At the maximum loading, the chemical shift value (161.3 ppm) is instead consistent
with the predominant presence of HCOs™ (the chemical shifts corresponding to HCO3/COs*
signal are available in the Table S12 of the Supporting Information). In terms of concentrations,
the Figure 5 shows that, at increasing loading, the amount of HCO3™ constantly increases,
whereas the amount of CO3>, mainly in concentrations lower than HCOs, increases until a

loading of around 0.47 molCO2/molamine before it starts being consumed.

3.0 14
A CO © HCOy — pH ©
25 | 1 13

1 12

1 11

pH

1 10

Concentration (mol/L)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
mOICOZ/mOIamine

Figure 5. Estimation of the HCO3™ and COs> content in aqueous DEEA 3M.

The pH values span from pH 12.07 at 0.00 molco2/molamine to pH 8.41 at maximum loading,

and it shows a constant decrease, with some changes in the slope of the curve. We observe a
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drop of ApH=1.28 in the range between the 0.0 molCO2/molamine and 0.05 molCO2/molamine,
due to the first addition of the acid CO», and another of ApH=1.16 in the last loadings-region,
between 0.67 and 0.98 molco2/molamine, Where the basicity of the solution greatly decreases as
the majority of the amines are protonated. DEEA/DEEAH" is a buffer system made of a weak
acid (DEEAH") and its conjugate base (DEEA). When the pH of the solution is lower than the
pKa value of an amine, the larger part of the amine is protonated and cannot act as a catalyst of
COz hydration.* In this study, at about 0.47 molco2/molamine, the pH of the solution is 9.8 and,
from here onward, it becomes lower than the pKa. value of DEEA (9.84). Hence, the amine
capacity, in terms of amount of conjugate base (DEEA), is reduced, i.e. the basicity of the
amine solution is weaker, and since the concentration of COs” starts to be diminished, it can

be concluded that COs* alsoreacts as a conjugate base,?* 4

as reported in reaction 11 (similarly
to the generic reaction 4 or the DEEA-specific reaction 13).

Concerning the heat of absorption (Figure 6), as general tendency, at increasing loading a

steady and slight decrease is observed.
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Figure 6. NMR speciation and heat of absorption data in aqueous DEEA 3 M at increasing

CO; loading (25 °C).
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However, similarly to the pH curve, a rapid drop off occurs in the last-loading region, from
about 0.67 molco2/molamine onward, which can hence be defined as the saturation loading
region.*’ Due to the reduction of the amine capability as conjugate base, alternative pathways
for the bicarbonate formation and/or CO> capturing (like e.g. reaction 11) may go along and
show to release less heat than the reactions occurring before the saturation region. Accordingly,
the DEEAOCOO tendency of increasing at increasing loading may also be attributable to the
saturation of the amine nitrogen capabilities. In this study, its formation is generically
represented by the reaction 14 since, with the data available, it was not possible to investigate
the reaction mechanisms of this species.

In summary, alongside the addition of CO, the reactions 13 and 14 are mainly occurring.
Reaction 13 represents the catalysis of the reaction 7 and it sums up the reactions 5 and 12.
Moreover, until about 0.5 molco2/molamine, Which corresponds to pH>9.8, the reaction 6,
leading to COs?" species, also takes place; from here to the maximum loading (pH<9.8), the

COs? is instead consumed as represented in the reaction 11.
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3.3.2 MAPA 1M-CO2-H20 system
In Figure 7, the speciation of the aqueous diamine MAPA 1M at increasing CO» addition is

reported together with the pH measurements.
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0.9 1 12.4

0.8 4 11.8
é 0.7 4 11.2
g 0.6 r {1 106 —A— MAPA(H")COO,
~ MAPA(H*)COO"
c 05 | 11005 ©
o —+— MAPA(COO"),
=
T 04 1 94 —o— MAPAIMAPA/(H?),
5
S 03¢ 1 8.8 —o HCO,/CO#
o
c 02} 4 8.2 — PH
o
O o1} O/e*e/e’/o 176

. - g_'____kT’—il—+l\+_
0.0 + 7.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
mOICOZ/mO|amine

Figure 7. NMR speciation and pH data in aqueous MAPA 1M at increasing CO> loading (25

°Q).

As soon as the solution is loaded with CO,, MAPA/MAPA(H"); starts decreasing to form
primary and secondary MAPA carbamate (MAPA(H")COO"p) and MAPA(H)COO ),
respectively), as described in the reactions 20 and 21. The constant increase of
MAPA(H")COO ) and MAPA(H")COO () at increasing loading is evident until around 0.94
molco2/molamine. Around this point, a sort of stabilization in the increase of these two species
is observed, and from around 1.12 molco2/molamine Onward, their concentration decreases, i.e.
hydrolysis reactions 24-25 occur.

MAPA(COQ); is formed (reaction 22) in amounts in the order of the second decimal number
and much lower than MAPA(H")COO ()s). At beginning of CO» loading, the corresponding
peaks in the '3C NMR spectra are not observed. From around 0.20 molco2/molamine to 0.36

molco2/molamine only traces (lower than 0.01 mol/L) are formed, and its amount increases until
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around 0.75-0.94 molco2/molamine. Around this region, the concentration is quite stable, and
from 0.94 molcoz/molamine onward, a decrease (hydrolysis reaction, as shown in reaction 23) is
observed.

In a previous NMR study on 0.5 M and IM MAPA, the species MAPA(COO"), was also found
in negligible amount.!! The reason is that the nitrogen not bound to CO, in MAPACOO ()/s)
may not be available for reaction with CO» because, as given in reaction 20, it could be
protonated and act thus as counterion to the negative charged groups.
The concentration of MAPA/MAPA(H"), constantly decreases until around 1.12
molco2/molamine and, from here onward, it starts increasing due to the hydrolysis of
MAPA(H")COO ) and MAPA(H")COO (). Not all the MAPA in solution reacts with CO> as
it also goes through the reaction of protonation (Reaction 18 and 19) and, in the protonated
form, it can act as counter ion, like e.g. in reaction 21 and 22 the “Amine” may be MAPA.
(Bi)carbonate is formed throughout the CO; loading range. It is mainly in concentration higher
than MAPA(COO"), and lower than MAPACOO ) but, around the region of the maximum
molcoz2/molamine, 1t reaches concentrations higher than all the species in solution. Specifically,
its presence is more evident from the region of hydrolysis onward (at loading 0.94 the HCO35"
/COs* signal was not detected because it was probably overlapped with the carbamate signals).
Concerning the pH, it decreases at increasing COz loading. As soon as CO; is added into the
solution, a ApH drop of 0.74 is observed and, during the CO; addition, the pH values span from
11.66 at about 0.1 molco2/molamine to 7.77 at about 1.5 molco2/molamine. A change in the slope
of the curve is observed at about 0.76-1.17 molcoz/molamine and, specifically, a unit pH drop
occurs between 0.95 and 1.17 molcoz/molamine, Which is the region where the MAPA
carbamates hydrolyses start.

The hydrolyses of MAPA carbamate species occurred at about pH 9.5 and the reactions 23-25

show how they may be driven by the acidity of the solution. The reaction of the nitrogen atom
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of the amine carbamates with a proton makes the compound unstable, leading to the formation
of protonated MAPA species and HCOj5". Alike, in a study by Lv et al.>* it was reported that
the hydrolysis of MEA carbamate was occurring at about pH 9. Similarly, Zhang et al.'? in the
study of CO» loaded aqueous solution of MAPA 2M at 40 °C, showed that the reactions of
carbamate hydrolysis started at about pH 9.5. The speciation trends in MAPA 2M are
comparable to those observed in our study, but due to the different reaction conditions and
concentrations, some differences are observed. In the present study, a lower end pH value at
the same loading (1.5 molco2/molamine) Was reached since the work is dealing with MAPA 1M
aqueous solution as compared to MAPA 2M. Hence, with respect to MAPACOO ), more
(bi)carbonate than reported by Zhang et al. is observed. Moreover, in our study, at the pH value
of the carbamate hydrolysis, not all the MAPA in solution has reacted with CO», as it was
instead for MAPA 2M in Zhang et al.'°

In Figure 8, the concentration of the species in aqueous MAPA 1M at increasing CO; loading

are reported together with the heat of absorption.
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Figure 8. NMR speciation and heat of absorption data in aqueous MAPA 1M at increasing

CO; loading (25 °C).
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The heat of absorption is quite constant and stays approximately the same until 0.84

molco2/molamine, Where a sudden dropping off is observed (0.84-1.23 molco2/molamine).

Carbamate is known to be an exothermic reaction releasing high heat of reaction, and the heat

released decreases as soon as the hydrolysis occurs and/or the carbamate is not formed

anymore.

Hence, in the range of the CO; loading (from the beginning to the maximum loading), two

main regions can be identified:

1) In the first region, going from about 0.11 to about 0.94 molcoz/molamine, the following

reactions are mainly occurring:

Protonation of MAPA (reaction 18-19);

Formation of primary and secondary MAPA carbamate (reaction 20-21), and in
negligible amount, formation of MAPA(COQO"): (reaction 22).

Formation of (bi)carbonate in small amount through the reactions 5-7. Additionally,
MAPA may act by providing basicity (reaction 18-19), leading to a kind of CO
hydration catalysis (reaction 4) (as DEEA singly in reaction 13). However, in MAPA

solution, the carbamate formation is favored.

2) In the second region, from about 0.94 molco2/molamine Onward, the hydrolysis reactions

mainly take place:

Around 0.94-1.25 molco2/molamine, the hydrolysis of MAPA(COO"), (reaction 23)
occurs;

Around 1.12-1.5 molco2/molamine, the hydrolyses of primary and secondary MAPA
carbamate (reactions 24 and 25) are predominant;

(Bi)carbonate found in solution is mainly coming from the reactions of amine
carbamate hydrolysis (23-25), but the reactions 5, 7 and 11 may also take place

(reaction 5 is however negligible at pH lower than 82°). Reaction 11 is supported by
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the chemical shift value of the peaks corresponding to the HCO3/COs* species in the
13C NMR spectra. The ppm values are consistent with the presence of both CO3* and
HCOs™ until about 1.12 molco2/molamine. From here onward, the ppm values are in line
with the only presence of HCO3™ (the chemical shifts and the estimated concentrations
are available in Table S11 and in Figure S1 of the Supporting Information,

respectively).



1 3.3.3 MAPA 1M-DEEA 3M-CO:-H:0 system
2 InFigure 9, the amount of each species in MAPA 1M-DEEA 3M-CO,-H>O is reported for each

3 CO; loading and interrelated with pH data.
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5  Figure 9. Concentration of a) all the species and b) MAPA derivative species only, and pH
6  datain aqueous MAPA 1M-DEEA 3M at increasing CO2 loading (25 °C).
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The same species observed in MAPA 1M and DEEA 3M are found, but at different
concentrations and ratios.

DEEAOCOO" (given by reaction 14) has a trend like that observed in DEEA 3M, but it is not
detected since the early loadings.

MAPACOO ) and MAPACOO ), given by reactions 20-21, increase until around loading
0.34 molcoz2/molamine. In the region around 0.34-0.59 molco2/molamine @ slight decrease and/or
stabilization of their concentrations is observed, whereas from 0.59 molco2/molamine onward an
increase is again observed. From about 0.22 molco2/molamine until around 0.59 molco2/molamine,
the concentration of MAPA(COO’), (formed as in reaction 22) deeply increases to the
detriment of MAPACOO p)/s). From 0.59 molco2/molamine until maximum loading, it goes
through the hydrolysis process (reaction 23) and, therefore, decreases in favor of formation of
further MAPACOO (py/s).

MAPA is almost totally consumed and the curve shows a steep decrease until loading 0.34
molco2/molamine, (region where MAPA(H)COO (s do not show any more a steep increase).
From here to 0.72 molco2/molamine, the decrease becomes slightly less evident, and it starts
slightly increasing from 0.72 molco2/molamine to the maximum loading.The hydrolysis of
MAPACOO )(s) may go along that of MAPA(COO"),, but its evidence is only given around
the last-loadings region where a slight increase of MAPA is observed.

Concerning the pH trend, it has the tendency of decreasing at increasing addition of COs,.
Specifically, throughout the CO: loading range, the pH spans from 11.44 at 0.05
molco2/molamine to 8.53 at maximum loading. A clear drop is observed between 0.00 and 0.05
molco2/molamine (ApH=1.34), and the curve gets slightly steeper close to the maximum loading.
However, similarly to MAPA 1M, the amine carbamate hydrolysis starts at pH less than 10,

i.e. about pH 9.8.
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In Figure 10, the heat of CO> absorption in blend has been interrelated with the concentrations

of the MAPA-derivative species.
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Figure 10. Concentration of MAPA-derivative species at different CO> loadings (25 °C) and

heat of absorption trends in aqueous MAPA1M-DEEA3M.

Throughout the CO» loading range, the heat continues to decrease steadily without any evident
drop. Rather, the heat of absorption appears not to be influenced by the carbamate hydrolysis
as it was instead observed in MAPA 1M.

The heat released by the DEEA-activity may somehow compensate the heat released by the
carbamate formation, and it may lead to an absence of a rapid drop off in the region of
carbamate hydrolysis. For clarifying the behavior, in the Figure 11, the (bi)carbonate
concentrations and the heat of absorption at the different CO; loadings in the three systems are

compared.
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Figure 11. Comparison of (bi)carbonate and heat of absorption in MAPA 1M, DEEA 3M and

their blend.

In the blend, until about 0.34 molco2/molamine, the concentrations of (bi)carbonate is more like
MAPA 1M than DEEA 3M, indicating that the activity of DEEA as Bronsted base has not yet
an influence on the bicarbonate formation (as it is in DEEA 3M). Such activity is more evident
from 0.34 molco2/molamine onward, where the (bi)carbonate species has the same trend as
DEEA 3M, but still lower concentrations. Similarly, the heats of absorption in MAPA 1M and
MAPA 1M-DEEA 3M were comparable and almost constant until about 0.3 molcoz/molamine.
From here, in MAPA 1M-DEEA3M it constantly decreased, while in MAPA 1M it stayed
approximately the same until a loading of about 0.84 molco2/molamine, the region where the
amine carbamate hydrolyses take place.

The speciation data shown in Figures 9-11 represents the thermodynamic composition of the
solution at the specific CO2 loading reported. In the case of the blend, until around 0.34
molco2/molamine, Wwe observe (Figure 9) that primary MAPA carbamate is the main product,
followed by secondary MAPA carbamate and finally MAPA(COO"),. From about 0.34

molcoz2/molamine, along with formation of amine carbamates, further addition of CO; contributes
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to HCO3/COs* formation, which is probably due to activity of DEEA as a Brensted base.
Moreover, from 0.59 molco2/molamine onwards, MAPA carbamate hydrolysis reactions also
contribute to bicarbonate formation. A similar situation is observed for IM MAPA at
approximately 0.8 molco2/molamine (Figure 7 and 8). For MAPA 1 M this point corresponds to
a significant drop in AH and pH indicating a change in formation of the predominant reaction
product, i.e. towards bicarbonate. In the blend, the presence of 3M DEEA seems to blanket this
clear change, and as soon as the trend for (bi)carbonate formation goes as in DEEA 3M, the
released heat steadily decreases. However, due to the formation of the MAPA carbamate
species, it is still higher than in the single DEEA 3M, as well as the amount of (bi)carbonate is
lower.

Moreover, to have a visual picture of DEEA’s activity and influence on MAPA, the MAPA
derivative species both in blend and in MAPA 1M are plotted as a function of molcoz/molvapa

(Figure 12).
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Figure 12. Comparison of MAPA derivatives species in single and blended aqueous MAPA

1M as a function of molcoz/molmapa
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It 1s possible to observe that the speciation curves for both single and blended MAPA are
similar until around 0.7 molcoz/molmapa. Around this loading, in MAPA 1M the species
MAPA(H")COO () continues increasing, while in the blend its concentration goes towards a
stabilization in favor of MAPA(COQO"), formation. Around 1.1 molco2/molmara, in MAPAIM
the carbamate hydrolysis of MAPA(H")COO pys) starts, while MAPA species in the blend
continue to react with CO2 (e.g. MAPA(COQ"), starts swiftly increasing).

At increasing CO» loading, the amino-sites for absorbing CO» are saturated (not available), the
pH decreases, and the carbamate hydrolysis starts. In the presence of DEEA, MAPA is almost
totally consumed, meaning that the amino functional groups are more available for the
reactions of carbamate formation, and MAPA is then less protonated. The same is true for the
amino functional groups not bound to CO2 in MAPACOO ) s).

Then, in the present study, the role played by DEEA in the presence of MAPA and CO;
confirms the findings reported by Perinu et al.!! for MAPA in blend with several tertiary
amines. Specifically, DEEA (pK.=9.84), having the pKa. value larger than pKa., of MAPA
(pKa1= 10.6 and pK>=8.6), may withdraw protons from protonated MAPA species (reactions
15-16) and/or lead the protonation process (reaction 12 and 17), and in the protonated form it
acts as counter ion of the carbamate species (the term “Amine” in reactions 21-22). Jang et al.
2018 also concluded that DEEA, and generally the tertiary amines, can induce the reaction
from protonated MEA to active molecule MEA.*3

To summarize, in the blend with MAPA, the Bronsted base DEEA plays two main roles in the
presence of COz. It acts both by increasing the availability of MAPA’s nitrogens to form
carbamates (e.g., MAPA(COQO), is formed in significant amount as compared to single
MAPA, where its concentration is negligible), and by catalyzing the hydration of CO, for

(bi)carbonate formation (as it is in the absence of MAPA).
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Based on the above results and discussion, during the addition of CO» in aqueous MAPA 1M-
DEEA 3M, three main regions can be identified:
1) In the first region, spanning from 0.05 to 0.34 molco2/molamine, the following reactions take
place:
. Amines protonation, i.e. MAPA protonation reactions (18-19), together with the
exchange-proton reactions with DEEA (reactions 15-17).
e Reactions 20-22 which lead to formation of MAPA carbamates.
e (Bi)carbonate is formed in small amount, and the reactions 5 and 6 may mainly occur (pH
is higher than 10 and DEEA is not yet involved in the CO2 hydration catalysis).
2) The second region can be identified around 0.34-0.59 molco2/molamine:
J Formation of MAPA(COQO"); (reaction 22)
. The DEEA has similar activity as in DEEA 3M.
3) In the third region (0.59-0.96 molco2/molamine), carbamate hydrolysis reactions are mainly
occurring:
e MAPA(COO): hydrolysis is predominant (Reaction 23),
e Hydrolysis of MAPA(H")COO )s) (reactions 24-25) may be considered a minor one
e Along with the reactions as in DEEA 3 M singly, (bi)carbonate found in solution is coming
from the carbamate hydrolysis (reactions 23-25). The reaction 11 may also occur and it is
supported by the chemical shift values of HCO3/CO3? and corresponding concentrations
(see the chemical shift values in Table S11 and the estimated concentrations in Figure S2

of the Supporting Information).
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4. CONCLUSIONS

In this study, aqueous MAPA 1M, DEEA 3M and their blend were investigated in the presence
of CO». Based on speciation, heat of absorption and pH data analyses, the main reactions
occurring at various CO; addition were identified and discussed.

At increasing CO> loading, the basicity of the solution decreases, as well as the capability of
each amine to absorb CO». In the aqueous MAPA systems, this leads to the hydrolysis of the
carbamate species, which also corresponds to a drop in the released heat. The reactions of
carbamate hydrolysis in both single and blended MAPA occur at similar pH values (i.e. about
pH 9.8-9.5), but in the blended MAPA, due to the activity of DEEA, the drop in both pH and
heat of absorption is not so noticeable as in MAPA singly. The Bronsted basicity of DEEA
indeed acts both by catalyzing the CO» hydration reaction and by allowing the diamine to be
more available for the direct reaction to COa», i.e. carbamate formation.

In the investigated amine systems, a saturation region can be identified in the region close to
the maximum loading, and it is observed when the amine capability, in terms of conjugate
Brensted base and/or Lewis base, is reduced and/or saturated.

With the present study, crucial insights for MAPA and DEEA solvents, singly and in blend,
are given and can be considered valuable for the selection of new amine solvents with improved

properties.
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Table S1: Density, as measured by Anton Paar DMA 4500 M densitometer, of aqueous
MAPA 1M, DEEA 3M and MAPA 1M-DEEA 3M before addition of COs,.

density (g/ml)

MAPA 1M - DEEA 3M 0.97572
MAPA 1M 0.99094
DEEA 3M 0.98334

Table S2. Weight of 1 mL of each CO; loaded sample.

MAPA 1M - DEEA 3M
Molco2/MOlamine 0.05 0.11 0.17 0.22 0.34 0.47 0.59 0.72 0.85 0.96
density (g in 1ml) 0.979710.9851 | 0.999 |1.0132| 1.026 | 1.049 |1.0685| 1.084 | 1.102 |1.1121
MAPA 1M
MOolco2/MOlamine 0.11 0.20 0.27 0.36 0.54 0.75 0.94 1.12 1.25 1.50
density (g in 1ml) | 0.9866 | 0.9908 | 1.0056 | 1.0061 | 1.005 |1.0201 |1.0268 | 1.0247 | 1.0359 | 1.0444
DEEA 3M
mMolcoz/Molamine 0.04 0.10 0.14 0.19 0.28 0.39 0.47 0.59 0.69 0.93
density (g in 1ml) 0.9881 | 0.9879 | 1.0026 | 1.0016 | 1.0209 | 1.0312 | 1.0462 | 1.055 | 1.0633 | 1.0846
Table S3. pH measured in each sample.
MAPA1M- DEEA 3M
mMolco2/MOlamine | 0.00 0.05 0.11 | 0.16 0.22 0.34 | 0.45 0.58 0.72 0.86 | 0.97
pH 12.78 | 11.44 | 11.13 |10.87| 10.66 |10.28| 10.02 9.8 9.53 9.13 | 8.53
MAPA 1M
mMolco2/MOlamine | 0.00 0.10 0.18 | 0.27 0.38 0.57 | 0.76 0.95 1.17 1.36 | 1.47
pH 12.4 11.66 11.3 |(11.12| 10.97 |10.58|10.23 | 9.53 8.45 7.9 7.77
DEEA 3M
mMolco2/MOlamine | 0.00 0.05 0.09 | 0.14 0.18 0.27 | 0.37 0.47 0.56 0.67 | 0.98
pH 12.07 | 10.79 | 10.53 |10.38| 10.27 |10.11|10.01| 9.82 9.67 9.57 | 841




Table S4. Differential heat of absorption of CO; in aqueous MAPA 1M at 25°C.

m0|c02/m0|amine -AH (kJ/m0|coz)
0.11 100.205
0.28 100.458
0.45 96.224
0.62 96.670
0.84 94.611
1.03 65.527
1.23 42.289
1.41 42.655
1.58 40.320
1.74 35.798
1.83 29.562

Table S5. Differential heat of absorption of CO; in aqueous MAPA 1M at 40°C.

mOICO2/m0|amine -AH (kJ/mOICoz)
0.21 98.2799
0.43 94.2602
0.65 93.6375
0.87 88.0429
1.08 63.7486
1.27 43.9388
1.46 36.7198
1.70 35.1281

Table S6. Differential heat of absorption of CO; in aqueous DEEA 3M at 25°C.

MOlco2/Mol amine | -AH (kdJ/molco?)
0.06 81.33
0.11 73.51
0.25 72.23
0.39 67.74
0.53 62.99
0.67 63.32
0.80 54.02
0.88 49.09
0.98 35.38
1.00 19.61




Table S7. Differential heat of absorption of CO; in aqueous DEEA 3M at 40°C.

mOICOZ/mOI amine

-AH (kJ/mO|coz)

0.06 78.99
0.12 73.38
0.23 70.02
0.34 67.54
0.44 65.37
0.56 60.14
0.72 57.31
0.88 51.35
0.98 37.01

Table S8. Differential heat of absorption of CO; in aqueous MAPA 1M-DEEA 3M at 25°C.

MoOlco2/MOlamine

-AH (kJ/mOlcoz)

0.07 103.60
0.14 95.41
0.21 95.35
0.28 93.04
0.35 87.53
0.41 83.73
0.48 78.48
0.55 74.49
0.62 67.55
0.69 63.65
0.76 59.52
0.83 54.78
0.96 49.11
1.05 40.88

Table S9. Concentration (mol/L) of each species in aqueous MAPA 1M-CO; systems.

molcoa/molamine | 0.11 | 0.20 | 0.27 | 0.36 | 054 | 0.75 | 094 | 1.12 [1.25]| 1.50

MAPACOO"(, 0.062 | 0.121 | 0.173 | 0.235 | 0.336 | 0.472 | 0.604 | 0.625 |0.566| 0.419

MAPA(COO), 0.000 | 0.006 | 0.009 | 0.020 | 0.032 |0.032 | 0.021

MAPACQO ) 0.016 | 0.034 | 0.045 | 0.061 |0.084 | 0.109 |0.134 | 0.135 |0.124| 0.089
MAPA 0.894 | 0.806 | 0.748 | 0.680 | 0.489 | 0.346 |0.219 | 0.176 |0.281| 0.421

HCO3/CO3s? 0.022 | 0.035 | 0.044 | 0.055 |0.066 | 0.078 0.239 [0.513| 0.841




Table S10. Concentration (mol/L) of each species in aqueous DEEA 3M-CO; systems.

MOlco2/MOlamine 0.04 0.10 0.14 0.19 0.28 | 039 | 047 | 059 | 0.69 | 0.93
DEEA 2.806 2999 | 2979 | 3.261 | 2.893 |3.023 | 3.163 | 2.963 | 3.018 | 2.991
DEEAOCOO- 0.01 0.02 0.023 | 0.021 | 0.043 | 0.057 | 0.072 | 0.078 | 0.087 | 0.108
HCO3/CO3? 0.123 | 0.279 | 0.417 | 0575 | 0.797 | 1.012 | 1.459 | 1.820 | 2.110 | 2.912
Table S11. Concentration (mol/L) of each species in aqueous MAPA1M-DEEA3M-CO»
systems
mMolcoz/MOlamine | 0.05 0.11 0.17 0.22 0.34 0.47 0.59 | 0.72 | 0.85|0.96
MAPACOO 0.152 0.328 0.398 0.472 0.524 0.489 | 0.484 | 0.514 |0.563|0.621
MAPA(COO); 0.007 | 0.028 0.054 0.092 0.248 | 0.395 | 0.444 | 0.428 |0.269|0.143
MAPACOO ) 0.046 0.095 0.121 0.143 0.147 0.134 | 0.128 | 0.129 | 0.135|0.146
MAPA 0.795 0.621 0.392 0.246 0.074 0.032 | 0.023 | 0.021 |0.028 |0.059
HCO3/CO3z* 0.041 0.057 0.193 0.531 | 1.056 | 1.604 |2.138|2.549
DEEA 3.063 | 3.255 | 2.956 2.888 | 3.023 | 3.163 | 3.230 | 3.173 |2.897 |2.769
DEEAOCOOr 0.000 0.000 0.000 0.034 | 0.059 | 0.073 |0.084 |0.092

Table S12. Chemical shift values of the signal corresponding to HCO37/COs* in the '*C
NMR spectra of aqueous MAPA 1M, DEEA 3M and MAPA 1M — DEEA 3M at increasing
addition of COz into the solution.

molcos/Molamne] 011 | 0.2 | 0.27 | 036 | 0.54 | 075 | 094 | 1.12 | 1.25 | 15

MAPAIM| 8(opm) | 1685 |168.1|167.8|167.8|167.3|166.4 161.9 | 161.1| 161
AL . . . . . . . .
molcos/Molamine | 0.04 | 0.1 | 0.14 | 019 [ 0.28 [ 039 [ 047 [ 050 [ 0.69 | 0.93

PEEASMI 8(opm) | 1657 |165.2|164.8| 1645 |164.1 | 163.7 | 163.3 | 1628 | 162.3 | 161.3
AN . . . . . . . . . .
molcos/Molamine | 0.05 | 0.11 | 0.17 | 022 [ 0.34 [ 047 [ 059 [ 0.72 [ 0.85 | 0.96

MAPA1M-

DEEA 3M Hgégf’c”(‘))sz_ 165.7|165.1[163.9 | 163 | 162.4 | 161.9 | 161.4 | 161.2




1.0 14

A CO> ¢ HCO; =—— pH
°

.08 113
—
=
(@)
Eos 111
= T
S 5
Soa4 { 10
C
(]
=
502 8
(@)

0.0 7

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

mOICOZ/mO|amine

Figure S1. Estimation of the HCO3™ and COs* content in MAPA 1M-CO»-H20 systems.
Calculation based on the calibration curve developed in Perinu et al. 2014.
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Figure S2. Estimation of the HCO3™ and COs* content in MAPA 1M-DEEA 3M-CO»-H,0
systems. Calculation based on the calibration curve developed in Perinu et al. 2014.!
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