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Abstract VII

Abstract

A new class of amines that are promising solvents for reactive CO,-absorption processes
was thoroughly investigated in a comprehensive experimental study. The amines are all
derivatives of triacetoneamine and differ only in the substituent of the triacetoneamine
ring structure. These amines are abbreviated by the acronym EvA with a consecutive
number that designates the derivatives. About 50 EvAs were considered in the present
study, from which 26 were actually synthesized and investigated as aqueous solvents.
The investigated properties were: solubility of CO,, rate of absorption of CO,, liquid-
liquid and solid-liquid equilibrium, speciation (qualitative and quantitative), pK-values,
pH-values, foaming behavior, density, dynamic viscosity, vapor pressure, and liquid heat
capacity. All 26 EvAs were assessed in an experimental screening. The results were
compared with the results of two standard solvents from industry: aqueous solvents of
monoethanolamine (MEA) and a solvent blend of methyl-diethanolamine and piperazine
(MDEA /PZ). Detailed studies were carried out for two EvAs that revealed significantly
improved performance compared to MEA and MDEA /PZ: EvA34 combines favorable
properties of MEA and MDEA/PZ in one molecule. EvA25 reveals a liquid-liquid
phase split that reduces the solubility of CO, in the solvent and shifts the CO, into the
aqueous phase. This allowed the design of a new CO,-absorption process, that takes
advantage of the liquid-liquid phase split. Finally, the chemical speciation in 16 EvAs
was investigated by NMR spectroscopy. From the results, relationships between the
chemical structure of the EvAs and the observed speciation, basicity, and application
properties were established. This enabled giving guidelines for the design of new amines

and proposing new types of amines, which were called ADAMs.






Kurzfassung IX

Kurzfassung

Eine neue und vielversprechende Klasse von Aminen fiir den Einsatz als wassrige Lo-
sungsmittel fiir die Reaktivabsorption von CO, aus gasférmigen Medien wurde in einer
experimentellen Studie detailliert untersucht. Die untersuchten Amine sind Derivate des
Triacetonamins und unterscheiden sich ausschliellich durch unterschiedliche Substituen-
ten am Triacetonaminring. Abgekiirzt wurden die Derivate durch das Akronym EvA mit
einer fortlaufenden Nummer, die zur Identifikation des Derivats dient. Insgesamt wurden
50 EvAs in Betracht gezogen, von denen 26 synthetisiert und untersucht wurden. Die un-
tersuchten Eigenschaften der EvA-basierten Losungsmittel waren: Loslichkeit von CO,,
Absorptionsgeschwindigkeit von CO,, Fliissig-Fliissig- und Fest-Fliissig-Gleichgewichte,
Speziesaufklarung und -verteilung, p/K-Werte, pH-Werte, spezifische Warmekapazitat,
Schaumbildung, Dichte und dynamische Viskositéit, sowie der Dampfdruck. Zunéchst
wurden die 26 EvAs in einem experimentellen Screening bewertet. Dazu wurden die
Ergebnisse der EvAs mit denen von zwei wéssrigen Standardlésungsmitteln aus der In-
dustrie verglichen: Losungsmittel mit Monoethanolamin (MEA) und mit einem Gemisch
aus Methyldiethanolamin und Piperazin (MDEA /PZ).

Zwei der EvAs, welche die Ergebnisse von MEA und MDEA /PZ deutlich iibertrafen,
wurden darauthin eingehender untersucht: EvA34 vereint die vorteilhaften Eigenschaf-
ten von MEA und MDEA/PZ in einem Molekiil. EvA25 zeigt eine Flussig-Fliissig-
Phasentrennung, die die Loslichkeit von CO, im Losungsmittel verringert und das CO,
in die wassrige Phase zwingt. Dies ermoglichte das Design eines neuen Verfahrens zur
Absorption von CO,, welches sich die Fliissig-Fliissig-Phasentrennung zunutze macht.
Abschlieend wurde die Speziesverteilung in insgesamt 16 EvA-basierten Losungsmitteln
mittels NMR-Spektroskopie untersucht. Anhand der Ergebnisse wurden Zusammenhén-
ge zwischen der chemischen Struktur der EvAs, der auftretenden Speziesverteilung, der
Basizitdt und den daraus folgenden Eigenschaften der EvAs, wie beispielsweise die Los-
lichkeit von CO,, abgeleitet. Aus diesen Zusammenhéngen konnten Leitlinien fiir das
Design neuer Amine erstellt und auch angewendet werden. Die daraus neu kreierten

Amine wurden mit dem Akronym ADAM abgekiirzt.
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1 Introduction

Post combustion carbon capture, the CO,-absorption from flue gas of power plants,
is an essential technique to achieve the worlds climate goals [1-4]. Furthermore, The
removal of CO, from gaseous streams is an important task in many large scale industrial
operations. The major applications for CO,-absorption in industry are the purification
of natural gas, refinery gases, or synthesis gas with more than five billion tons of products
each year, from which CO, has to be removed [5-12]. High requirements have to be
met in the purification tasks, e.g., the concentration of CO, in the purified gas must
often be decreased down to a few ppm. The state-of-the-art process for this purpose
is reactive CO,-absorption, with a reactive solvent that selectively absorbs CO, at low
temperature in an absorber column, and is regenerated at increased temperature in a
desorber column. The choice of the solvent is thereby crucial. Common solvents are
aqueous solutions of amines, of which many have been described in the scientific and
patent literature [13-23]. The major advantages of aqueous solutions of amines are their
high selectivity for absorbing CO,, as well as their ability to capture high amounts of
CO, even at very low partial pressures of CO,. A drawback, however, is the high energy
demand that is required for their regeneration [5, 6]. Reducing it is an important goal,
both economically and ecologically. One of the most important approach to achieve this
goal is the development of improved amine based solvents for reactive CO,-absorption
[24, 25]. Furthermore, the CO,-absorption process must be adapted to the properties
of the solvent and of the purification task [6, 26].

An interesting class of amines for improving the performance of reactive CO,-absorption
processes are derivatives of triacetoneamine. This class of amines was revealed for the
first time recently in patents of Evonik [27, 28]. The amines are abbreviated by the
acronym EvA with a consecutive number that designates the derivative. The EvAs
share the triacetoneamine ring structure but differ in one substituent. About 50 EvAs
were considered for the study, from which 26 were actually synthesized and investigated
as aqueous solvents. Most of the EvAs were developed and synthesized specifically for
being applied as solvents for CO,-absorption. The chemical structures of the investigated
EvAs are shown in Figure 1. The abbreviation of the amines (EvA + number) is used
in the present work not only for identifying the amines. For brevity, it is also used for
designating aqueous solvents that contain the respective amine. This short-cut notation

is used only where the context excludes any confusion with the pure amines.

The present work is a cumulative thesis that summarizes the results of publications on
studies of EvAs [29-34] and puts them into context. The results were obtained in a co-

operation project with Evonik and thyssenkrupp that was financially supported by the



2 1 Introduction

Federal Ministry of Economic Affairs and Energy of the Federal Republic of Germany
(grant no. 03ET1098). The first step was a comprehensive experimental screening of all
synthesized EvAs (cf. Section 3). Seven apparatuses were used to study nine properties
of the solvents. The properties were chosen such as to characterize the solvents with
regard to their industrial application for CO,-removal: CO,-loading, rate of absorption
of CO,, pK-values, foaming behavior, solid precipitation, solubility in water, liquid-
liquid demixing temperature, density, dynamic viscosity, and CO,-solubility isotherms.
Furthermore, the NoVa short-cut method [35] was used to estimate the energy demand
and recirculation rate of two typical purification tasks: the purification of natural gas
and of synthesis gas. All results from the screening were compared to corresponding
data for two amines that are widely used for COy-absorption: monoethanolamine (MEA)
and a blend of methyl-diethanolamine and piperazine (MDEA /PZ). From the screening,
EvA02, EvA03, EvA25, and EvA34 emerged as the most promising candidates, which
surpassed the performance of MEA and MDEA/PZ in many properties. They were
investigated more in detail. The results of the detailed studies of EvA25 and EvA34 are
shown in the second part of the present work, given in Section 4 and Section 5. The
detailed studies for EvA0O2 and EvAO03 are not part of the present work. EvA02 shows
solid precipitation even at moderate mass fractions of amine in the unloaded solvent,
which makes the solvent unattractive for industrial CO,-absorption [29]. In contrast,
EvAO03 has already proven its commercial applicability as constituent of an amine blend

[36], which, however, makes its data subject to confidentiality.

In the detailed study of EvA34 (cf. Section 4), a comprehensive set of experimental data
of unloaded and CO,-loaded aqueous solutions of EvA34 was measured and compared
to corresponding data for aqueous solutions of MEA and MDEA /PZ. The investigated
properties were: CO,-solubility, loadings of CO,-containing species, pK-values, pH-
values, density, liquid heat capacity, vapor pressure, dynamic viscosity. The comparison
revealed that EvA34 combines favorable properties of MEA and MDEA/PZ in one

molecule.

In the detailed study of EvA25 (cf. Section 5), the focus was on the phase behavior of
the system (EvA25 4+ H,O + CO,). Aqueous solutions of EvA25 show the particularity
of a liquid-liquid phase split in a temperature range that is interesting for the design of
an adapted CO,-absorption process. The liquid-liquid phase split occurs above about
t > 60 °C. As a consequence, a liquid-liquid phase split can be avoided at low absorption
temperatures, whereas at high desorption temperatures, the liquid-liquid phase split
occurs. The basic idea is that the occurrence of a new phase leads to an accumulation
of CO, in only one of the phases and the hope is that a process can be designed in
such a way as to make use of this [37-45]. Hence, a comprehensive experimental study
was performed for the system (EvA25 + H,O 4+ CO,) from which data for the liquid-
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liquid (LLE) and vapor-liquid equilibrium (VLE) was obtained. The system (EvA25 +
H,O + CO,) can also form a solid phase when the temperature is low and the mass
fraction of amine in the CO,-loaded solvent is high. The occurrence of a solid phase is
unwanted in the new process design. To be able to avoid solid precipitation, also the
solid-liquid equilibrium (SLE) was investigated. The results of the LLE, VLE, and SLE
were linked to determine the solid-liquid-liquid-vapor equilibrium (SLLVE) of the system
(EvA25 + H,O + CO,). This approach yielded an overview of the phase behavior of
the system, which, in turn, was the basis for a sound discussion of benefits that could
be drawn from the liquid-liquid phase split in the design of advanced CO,-absorption
processes. The phase split leads to a lowering of the overall CO,-capacity, compared
to a homogeneous solvent at desorption. Further improvements seem possible by an

adapted process design, for which a concept was proposed.

The investigations of the EvAs are concluded with a study of the relationships between
the chemical structure of the amines and properties of the solvents that are relevant
for CO4-absorption processes (cf. Section 6). To tackle this task, several consecutive
steps were performed. Initially, the knowledge of the speciation in aqueous solutions
of EvAs was extended. Therefore, in total, sixteen CO,-loaded aqueous solutions of
EvAs were investigated by NMR spectroscopy over a wide range of temperature and
CO,-loading. The resulting concentrations of the CO,-containing species bicarbonate
and carbonate, carbamates, alkylcarbonates, and molecular CO, were combined with
results for the pK-values from Section 3, from which relationships between the chemical
structure of the amine and the basicity and speciation of CO,-containing species were
established. That knowledge was then related to application properties that are relevant
for a CO,-absorption process, e.g., CO,-solubility and rate of absorption of CO,. From
this, guidelines for the design of new amines were derived. Finally, these guidelines
were applied and three basic structures as well as several promising derivatives of these
compounds, that can be customized with regard to the requirements of the purification

task, were designed.
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2 Experimental

2.1 Chemicals

The investigated EvAs were provided by Evonik. They were synthesized by reductive
amination using a noble metal catalyst [46, 47]. Either 2,2,6,6-tetramethyl-4-piperidone
or 2,2,6,6-tetramethyl-4-amino-piperidine, was used as base chemical to which different
substituents were added in the synthesis of the EvAs. After hydrogenation at elevated
temperature and pressure, the EvAs were purified by vacuum distillation and filtration.
The chemical structures of the synthesized EvAs are shown in Figure 1. Greek letters
are used to designate the amino groups. The amount of the individual EvAs that were
initially synthesized for the screening was between 80 g and 350 g. For the detailed

studies, the synthesized amount of the EvAs was in the range of a few kg.

The purified EvAs were analyzed by GC-MS, Karl-Fischer titration and 3C{'H} inverse
gated NMR spectroscopy. The purities and major impurities are specified in Table 1.
Also the molar mass M and the aggregate state of the synthesized EvAs at ambient pres-
sure and 25 °C are reported in Table 1. In most cases purities larger than 0.96 g/g were
reached. The major impurities for these EvAs were the educts (2,2,6,6-tetramethyl-4-
piperidone, 2,2,6,6-tetramethyl-4-piperidinol, or 2,2,6,6-tetramethyl-4-amino-piperidine,
as well as the substituents that were used for the synthesis of the EvAs) and H,O. For
EvA19, EvA22, EvA33, and EvA41, for which the purity was lower than 0.96 g/g, as
well as for EvA25 and EvA34, which were part of a the detailed study (cf. Section 4
and Section 5), the major impurities were quantified and are stated in Table 1. EvA29
and EvA30 were obtained in a single synthesis and could not be separated. Therefore

only the mixture EvA29/30 was investigated.

Table 2 gives a survey of the chemicals that were used in the present work besides the
EvAs. H,O was purified by ion-exchange and filtration with a Siemens TWF /El-Ion UV
Plus water purification system. All other chemicals were purchased and used without
further purification. The presence of impurities is not considered in the estimates of

experimental uncertainties.
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Figure 1: Chemical structures of the EvAs that were studied experimentally in the
present work. Greek letters label the different amino groups. SEvAs that
were taken into account for developing structure-property relationships (cf.
Section 6). NEvAs for which a species elucidation in CO,-loaded aqueous
solution was performed (cf. Section 6). PEvAs for which a detailed study is
presented in the present work (cf. Section 4 and Section 5).



2.1 Chemicals

Table 1: Properties and purities of the synthesized EvAs.

M AS purity®

g/mol g/s
EvAO1 156.3 liquid > 0.96
EvA02 2124  liquid > 0.96
EvA03 2414 liquid > 0.96
EvA04 198.4 liquid > 0.96
EvA05 2124  liquid > 0.96
EvA06 2144 liquid > 0.96
EvA07 2274 liquid > 0.96
EvA09 226.4  solid > 0.96
EvA10 239.4  solid > 0.96
EvAl4 253.4  liquid > 0.96
EvA17 338.6 solid > 0.96
EvA19 236.4 liquid > 0.74°
EvA21 301.5 solid > 0.96
EvA22 2284 liquid > 0.76°
EvA24 283.5 liquid > 0.96
EvA25 269.4 liquid > 0.96%
EvA26 255.4  liquid > 0.96
EvA27 2144  solid > 0.96
EvA29/30% 2303 ohid > 0.96

304.4
EvA31 200.3  solid > 0.96
EvA32 2524  solid > 0.96
EvA33 2424  solid > 0.84¢
EvA34 208.5 liquid > 0.97/
EvA36 2274  liquid > 0.96
EvA41 2254  solid > 0.879

M': molar mass, AS: pure component aggregate state at ambient pressure and ¢ = 25 °C, *mixture of
EvA29 (0.56 g/g) and EvA30 (0.44 g/g) with Mgya29/30 = 257.4 g/mol. “Impurities in all EvAs are
educts and H,O. Additional impurities are: *EvA01/triacetoneamine (< 0.07 g/g) and furan compounds
(< 0.15 g/g), “EvA01 /triacetoneamine (< 0.08 g/g) and 3-methoxy-propylamine (< 0.12 g/g), ?N-
ethyl-propylene-triacetonediamine (< 0.02 g/g), 2,2,6,6-tetramethyl-4-piperidone or 2,2,6,6-tetramethyl-
4-piperidinol (< 0.02 g/g) and H,O (< 0.01 g/g), “EvA01/triacetoneamine (< 0.12 g/g), 12,2,6,6-
tetramethyl-4-piperidone or 2,2,6,6-tetramethyl-4-piperidinol (< 0.02 g/g) and H,O (< 0.01 g/g),

“piperazine (< 0.09 g/g).
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Table 2: Chemicals that were used in the present work besides EvAs.

name (CAS) source purity
Ethanol (Uvasol) (64-17-5) Merck 0.999 g/g
H,0 (7732-18-5) Siemens TWF /El-Ion UV Plus 0.99999 g/g
CO, (124-38-9) Air Liquide 0.99995 mol/mol
CO3/02/N; (-) Air Liquide 0.999 mol/mol
14/6/80 vol. %
MEA (141-43-5) Sigma-Aldrich 0.99 g/g
MDEA (105-59-9) Sigma-Aldrich 0.99 g/g
PZ (110-85-0) Sigma-Aldrich 0.99 g/g
1 M HCI (7647-01-0) Carl Roth 0.998 mol/mol
1 M NaOH (1310-73-2) Carl Roth 0.998 mol/mol
KOH (1310-58-3) Fluka 0.99 g/g
KHCO; (298-14-6) Sigma Aldrich 0.995 g/g
KH,PO, (7778-77-0) Bernd Kraft 0.99 g/g
Na,HPO, (7558-79-4) Bernd Kraft 0.99 g/g
Titrisol pH-buffer (-) Merck not stated by supplier
Reagents for Fluka not stated by supplier

Karl-Fischer titration (-)

2.2 Specification of the composition

The concentration of the amine in the solvent is specified in three different ways in this
work, depending on the context: the molality of amine Manine, the mass fraction of

amine in the unloaded solvent w° and the mass fraction of amine Wamine

amine’

Wamine
mamine = T = (1)
Mamine - WHQO
Wamin
W ine = = 2 (2)

amine =
Wamine + WHQO

Wamine
Wamine + WHQO + WC02

(3)

Wamine =

where W,,ine is the overall mass of amine, WHQO is the overall mass of H,O, and W002
is the overall mass of CO,, where overall means that all reactions in the solvent are

disregarded. M, mine is the molar mass of amine.
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The content of CO, in the solvent is characterized in four different ways in this work:
the molality of CO, mco,, the mole-related CO,-loading éco,, the mass-related CO,-

loading Xc%, and the mass fraction of CO, wco,

- Weo,
meco, = 2 (4)
Mco, - Wh,0
o Weo
Cco, = W .2 (5)
o Mamine
dco, = Xco, Moo, (6)
2
N Weo
weo, = W — (7)
amine WH2O + WC02

where Mco, is the molar mass of CO,. In all symbols that are used to characterize
compositions in the present work, the tilde refers to the pure components amine, H,O,

and CO, without accounting the chemical reactions in the solvent.

2.3 Sample preparation

2.3.1 Sample preparation for the screening

For the screening of the EvAs (cf. Section 3), the solvents were prepared by mixing
amine and H,O. The amount of amine and H,O in the unloaded aqueous solvent was
determined gravimetrically with an accuracy of + 1 mg. From this, the resulting mass

fraction of the amine in the unloaded solvent @° was known with a relative expanded

uncertainty of U,.(w? . ) = 0.001 (0.99 level of confidence). The procedure of the CO,-
loading in the screening experiments is described in the respective experimental sections

(cf. Section 2.4).

2.3.2 Sample preparation for detailed studies

For preparing the aqueous solutions of amines for the detailed studies (cf. Sections 4 -
6), firstly, dissolved gases were removed from the pure components H,O and amine
by lowering the pressure with a vacuum pump. The degassed components were mixed

while maintaining the low pressure to obtain the aqueous solvent. The amount of
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amine and H,O in the solvent were determined gravimetrically with an accuracy of
+ 1 mg. From this, the molality of amine Manine is known with a relative expanded
uncertainty of U, (Mamine) = 0.001 (0.99 level of confidence). The amount of solvent in
the sample was determined by differential weighing in all experiments except for the gas
solubility experiments in the high pressure region (cf. Section 2.7.2) and liquid-liquid
equilibrium experiments (cf. Section 2.5). In these experiments, the amount of solvent
was calculated from the volume that was displaced by a piston pump, the same way as

described in previous works of our group [29, 48, 49].

The solvents were loaded with CO, by applying CO, onto the gas phase of a stainless
steel cylinder which was partially filled with a gravimetrically determined amount of
the solvent in all experiments except in liquid-liquid equilibrium experiments (cf. Sec-
tion 2.5) and gas solubility experiments in the high pressure region (cf. Section 2.7.2).

In these exceptions, the solvents were loaded with CO, inside the apparatus.

The amount of CO, was determined by differential weighing in all experiments except in
liquid-liquid equilibrium experiments (cf. Section 2.5) and nuclear magnetic resonance
(NMR) spectroscopy experiments (cf. Section 2.8.3). The accuracy of the weighing was
+ 1 mg. The resulting relative expanded uncertainty in the molality of CO, mco, from
weighing was U, (1mco,) = 0.01 (0.99 level of confidence). However, for the experiments
in which stainless steel cylinders with a riser pipe were used for the CO,-loading, in-
complete mixing may have led to an underestimation of the actual molality of CO,.
More details on this are given in Appendix A. The relative expanded uncertainties
stated in the present work account for possible effects from incomplete mixing. They
are U,(mco,) = 0.025 (0.99 level of confidence). In liquid-liquid equilibrium experiments
(cf. Section 2.5) and NMR spectroscopy experiments (cf. Section 2.8.3), the amount of
CO, was determined from the 3C{'H} inverse gated NMR spectra, as described more
in detail in Section 2.8.3.

2.4 Screening methods

2.4.1 Qualitative investigations
2.4.1.1 Solubility of amines in H,O

The solubility of amines in H,O was investigated at two mass fractions of amine in the

=0.05 g/g and w?_. == 0.4 g/g. After mixing the amine with

amine

unloaded solvent: w°

amine

H,O, the solvent was stirred for 24 hours, and then stored for 7 days at t = 25 °C and

ambient pressure. If no solids were visible after that period, the amines were classified
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as soluble in H,O. Otherwise they were classified as poorly soluble. Each experiment

was performed once.

0

amine

The expanded uncertainty of the mass fraction of amine in the unloaded solvent w
was the same as specified in Section 2.3.1. The temperature was controlled by air condi-
tioning. The expanded uncertainty of the temperature measurement t was U(t) = 1 °C

(0.99 level of confidence). The ambient pressure was p = 977 + 20 mbar.

2.4.1.2 Foaming behavior

The foaming behavior in the systems (amine + H,O + CO,) was assessed by comparing
foam heights above 100 g of the aqueous solvents, through which a stream of pure CO,
with a constant volume flow of V' = 100 Ncm3 /min at a pressure of pco, = 1 bar was
bubbled inside a cylinder that had an inner diameter of 3.2 cm. The flow-saturator setup
that was used for the investigation was the same as in a previous work of our group [29].
Therefore, no further details on the setup are given here. The mass fraction of amine in
= 0.4 g/g. The temperature was t = 40 °C. The foam

heights were observed for 4 hours. All solvents reached their equilibrium CO,-loading

the unloaded solvent was w?_.
within that period. The maximum foam height that was observed for at least 5 minutes
during the experiment was recorded and is considered here as the result. An aqueous
solution of MEA with the same mass fraction of amine in the unloaded solvent was taken
as reference. The foam height of the reference was about 7 cm. The fluctuation within
the 5 minutes was about 2 cm. The foam heights of the EvAs are roughly classified as
higher, equal, or lower compared to the reference. The volume flow was measured with
a calibrated G51 thermal volume flow meter from MKS. The pressure was measured
with a calibrated high precision pressure transducer from WIKA. The temperature of
the thermostatting bath, that was used for thermostatting the cylinder, was measured

with a calibrated Pt100 thermometer. Each experiment was performed once.

0

The expanded uncertainty of the mass fraction of amine in the unloaded solvent @y, .

was the same as specified in Section 2.3.1. The expanded uncertainty of the tempe-
rature measurement ¢ in the thermostatting bath was U(t) = 1 °C (0.99 level of confi-
dence). The standard uncertainty of the partial pressure of CO, pco, inside the cylinder

was u(pco,) = 25 mbar. The standard uncertainty of the volume flow of CO, V was

uw(V) = 10 Nem? /min.

2.4.1.3 Solid precipitation

The occurrence of solid precipitation in the systems (amine + H,O + CO,) was inves-

tigated by visual analysis of samples which were taken while the aqueous solutions of
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amines were loaded with CO,. Two different mass fractions of amines in the unloaded

solvent were investigated: @w? . = = 0.05 g/g and @?_, = = 0.4 g/g. The samples with
W e = 0.05 g/g were taken during the bubble cell experiments which are described in

Section 2.4.2.4. The samples with @ . = 0.4 g/g were taken from the flow-saturator
experiments that were conducted to investigate the foaming behavior as described in
Section 2.4.1.2. All samples were stored in glass vials for 7 days at t = 25 °C. Zeo-
lite chips were added to the samples as crystallization germs. A visual analysis of the
samples after 7 days revealed if solid precipitation occurred. If at least one sample
of a CO,-loaded aqueous solution of a given amine revealed solid precipitation, it was

classified as solid precipitating. Each experiment was performed once.

0

amine

was the same as specified in Section 2.3.1. The temperature ¢ was controlled by air con-

The expanded uncertainty of the mass fraction of amine in the unloaded solvent w

ditioning. The expanded uncertainty of the temperature measurement was U(t) = 1 °C
(0.99 level of confidence). The pressure inside the sample vials was not measured as it

has no significant influence on the occurrence of solid precipitation.

2.4.2 Quantitative investigations
2.4.2.1 Density and dynamic viscosity

The density of the unloaded solvents was measured in a calibrated oscillating U-tube
densimeter (Anton Paar DMA 4500 M). The dynamic viscosity of the unloaded solvents
was measured in a calibrated falling sphere viscosimeter (HAAKE type 800-0197). Both
properties were investigated with a mass fraction of amine in the unloaded solvent of

7,0

W ine = 0.4 g/g at t = 25 °C and ambient pressure. The temperature was measured with

a calibrated Pt100 thermometer. Each solvent was measured six times. The arithmetic
mean values of the measured density and dynamic viscosity are reported here as the

result.

The standard uncertainty of the measured density p and dynamic viscosity n was cal-
culated from the standard deviation of the repeated measurements and the standard
uncertainty from calibration. The average standard uncertainty of the density was
u(p) = 0.01 g/cm3. The average standard uncertainty of the dynamic viscosity was
u(n) = 2 mPa-s. The expanded uncertainty of the mass fraction of amine in the unloaded

solvent 0 was the same as specified in Section 2.3.1. The expanded uncertainty of

amine

the temperature measurement ¢ was U(t) = 1 °C (0.99 level of confidence). The ambient

pressure was p = 977 + 20 mbar.
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2.4.2.2 Demixing temperature

The liquid-liquid demixing temperature of unloaded solvents was investigated by visual

analysis of samples that were thermostatted in an oven. The mass fraction of amine in
0

amine

the unloaded solvent was always w = 0.4 g/g in the experiments. Glass vials that
contained about 15 ml of the unloaded solvents were subjected to a temperature pro-
gram in which, after keeping the temperature constant for 2 hours, the temperature was
increased in steps of 5 °C. A visual analysis of the samples was performed prior to each
temperature increase and any occurrence of a liquid-liquid demixing was recorded. The
mean temperature between the recorded demixing temperature and the previous tempe-
rature, where no demixing was observed, is reported here as the demixing temperature.
The temperature inside the oven was measured with a calibrated Pt100 thermometer.

Each experiment was performed twice.

The expanded uncertainty of the measured demixing temperature tqemix Was calculated
from the temperature step size and the expanded uncertainty of the temperature mea-

surement and was U (tgemix) = 2.7 °C (0.99 level of confidence). The expanded uncer-
0

amine

specified in Section 2.3.1. The pressure inside the glass vials was not measured as it has

tainty of the mass fraction of amine in the unloaded solvent w was the same as

no significant influence on the demixing temperature.

2.4.2.3 pK-values

The molal activity-based pK-values of amines, highly diluted in H,O, were determined
by titration experiments. The equipment and the way the experiments were conducted
and evaluated were the same as described in Section 2.8.1. Each experiment was per-

formed once.

The standard uncertainty of the measured pK-value was calculated from the standard
deviation of repeated experiments with EvA34 and EvA25 (cf. Section 4 and Section 5)
and from calibration and was u(pK) = 0.15 on the pH-scale. The expanded uncertainty
of the temperature measurement ¢t was U(t) = 1 °C (0.99 level of confidence). The

experiments were performed at ambient pressure, which was p = 977 + 20 mbar.

2.4.2.4 Initial rate of absorption and equilibrium CO,-loading

The initial rate of absorption and equilibrium CO,-loading were measured in a bubble
cell, which is schematically shown in Figure 2. A gas stream of V' = 1000 Ncm3 /min,
containing 14 vol % CO,, 6 vol % O, and 80 vol % N, from a gas cylinder, was bubbled
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Figure 2: Experimental setup of the bubble cell. G: feed gas, L: aqueous solution
of amine, F: dispersion frit, B: thermostatting bath, CL: water-cooled con-
denser, IR: infrared spectrometer for measuring the CO, concentration. The
diagrams are explained in the text.

through 150 g of an aqueous solution of amine with @ . = 0.05 g/g. The total pres-
sure was kept constant at p = 1 bar. The aqueous solution of amine was thermostatted
by a surrounding bath. The experiments were performed at ¢ = 40 °C and ¢ = 100 °C.
A water-cooled condenser was installed above the bubble cell. The volume flow was
measured with a calibrated rotameter from Yokogawa. The pressure was measured with
a calibrated pressure transducer from WIKA. The temperature of the thermostatting
bath was measured with a calibrated Pt100 thermometer. The mole fraction of CO,
leaving the bubble cell was measured by a calibrated Ansyco-G100 infrared (IR) spec-
trometer. A sketch of a typical resulting IR-signal is shown in the upper right part of
Figure 2. From the IR-signal, the loading-curve was calculated. A sketch of a loading-
curve is shown in the lower right part of Figure 2. The loading-curve was calculated by
integrating the amount of CO, that was captured in the bubble cell over time. That
amount was found from the difference between the inlet and the outlet mole fraction of

CO, of the bubble cell. N, and O, were assumed to be inert.

Two results were obtained from the loading-curve: the equilibrium CO,-loading )N(CO2
and the initial rate of absorption RA. The equilibrium CO,-loading Xco , was calculated
by dividing the total amount of CO, that was captured in one experiment by the amount
of amine in the bubble cell, which was known from sample preparation. The equilibrium
CO,-loading was investigated at ¢ = 40 °C and ¢ = 100 °C. The initial rate of absorption
RA was determined from a linear fit of the initial 16 minutes of the loading curve and

was only evaluated at t = 40 °C. Each experiment was performed once.

The experimental setup and procedure was tested with repeated experiments with aque-
ous solutions of MEA. The relative standard uncertainty of the measured equilibrium

CO,-loading Xc% was calculated from the standard uncertainty of the IR-calibration
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and the standard deviation of the repeated testings with MEA and was ur(XCOQ) = 0.05.
This relative standard uncertainty was also taken as an estimate for the relative stan-
dard uncertainty of the measured initial rate of absorption RA: wu,(RA) = 0.05 and
includes variations in the volume flow. The expanded uncertainty of the mass fraction

of amine in the unloaded solvent 1? was the same as specified in Section 2.3.1. The

amine
expanded uncertainty of the temperature measurement ¢ in the thermostatting bath was
U(t) = 1°C (0.99 level of confidence). The standard uncertainty of the partial pressure

of CO, pco, was u(pco,) = 5 mbar.

2.4.2.5 CO,-solubility isotherms

The CO,-solubility in aqueous solutions of amines was measured by head space gas
chromatography at ¢ = 40 °C and ¢ = 100 °C. The equipment and procedure was
the same as described in Section 2.7.1 with two exceptions: firstly, each sample was
measured only once. Secondly, for the screening, the samples were prepared in stainless
steel cells that were directly used in the head space gas chromatography apparatus,
instead of the way, described in Section 2.3.2. This procedure simplified and accelerated
the measurements with only little expense in the accuracy of the weighing. The amount

of solvent and CO, was determined by differential weighing.

To obtain the measurement uncertainty of the partial pressure of CO, pco,, the re-
sults from the screening for the system (EvA34 + H,O + CO,) were compared to the
corresponding data from the detailed study (cf. Section 4). The results are in good
agreement. The relative standard uncertainty of the measured partial pressure of CO,
was calculated from the standard deviation of the comparison and the standard un-
certainty of the calibration and was u,(pco,) = 0.08. The expanded uncertainty of
the mass fraction of amine in the unloaded solvent @? .
Section 2.3.1. The accuracy of the weighing of CO, was + 1 mg. The resulting rela-
tive expanded uncertainty of the CO,-loading XCOQ was UT(XCOQ) = 0.01 (0.99 level
of confidence). The expanded uncertainty of the temperature measurement ¢ in the

thermostatting bath was U(t) = 0.1 °C (0.99 level of confidence).

was the same as specified in

2.5 Liquid-liquid equilibrium

Liquid-liquid equilibria (LLE) were measured only in the system (EvA25 + H,0) and
(EvA25 + H,O + CO,) (cf. Section 5). The LLE were studied in an apparatus that
was especially built for this purpose, inspired by previous related work [50, 51]. The

experimental setup is shown in Figure 3. The key unit is a thermostatted high-pressure
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Figure 3: Experimental setup for measurements of liquid-liquid equilibria. A: Aqueous
solution of EvA25, B: back-light and sapphire windows to look inside the cell,
C: view cell and magnetic stir bar, G: CO, cylinder, L: lower circulation loop,
P: vacuum pump, S: piston pump, T: sample tubes, U: upper circulation loop,
W: H,O and/or washing solution. Yellow color marks thermostatisation.

view cell (C), in which the LLE is established. The phases can be observed through
sapphire windows (B). The cell is equipped with two thermostatted sampling loops
(U, L), from which samples of the two liquid phases can be taken for analysis. The
entire cell can be rotated, which facilitates suitable positioning of the inlet and outlet
of the sampling loops in the phases. The samples circulate in the loops, driven by gear
pumps. Three-way valves in the loops were used to withdraw the samples, which were
collected in pressure-resistant NMR tubes (S-5-400-MW-IPV-7 from Norell or 522-QPV-
7 / 524-QPV-7 from Wilmad-LabGlass) (T).

The cell was cleaned with a washing solution (W), emptied via the lower circulation loop
(L), and evacuated with a vacuum pump (P) before each initial filling. The initial filling
was performed the same way as in the high pressure view cell experiments [29, 31, 48, 49]:
CO, was added from a CO, cylinder (G), the aqueous solution of EvA25 (A) was added
from the piston pump (S). To avoid exceedingly high pressures in the apparatus, the
amount was chosen such that a tiny gas bubble was present in the cell at all times. This
was done manually by adjusting the amount of liquid in the cell with the piston pump.
The gas bubble’s only purpose was to avoid a leakage of the system as a result of a
pressure increase caused by thermal expansion of the liquid. The gas bubble worked as
a pressure buffer and had no influence on the measured liquid-liquid equilibrium. After
setting the temperature, the mixture was stirred for 12 hours by means of a magnetic
stir bar placed in the cell. Then, the stir bar was switched off and the mixture rested for

another 80 hours before the samples were taken. The pumps were running at all times.
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The samples from both loops were taken at the same time by simultaneously switching
both sample valves from loop position to sample position for a few seconds. After the
experiment was finished, the temperature of the cell was set to a new point and a new
experiment was started. After taking samples at three to four temperatures, the cell

was refilled.

The temperature was measured with two calibrated platinum resistance thermometers
in the thermostatting liquid surrounding the cell. The CO,-loading was measured with
BBC{'H} inverse gated NMR, spectroscopy. The NMR experiments were performed at
t = 20 °C to ensure that the amount of CO, in the gas phase of the NMR tubes
was negligible. More details on the C{!H} NMR acquisition parameters are given
in the Section 2.8.3. The mass fraction of H,O was determined with standard 'H
NMR spectroscopy, by comparing the integral of the water peak to that of all peaks
that belong to EvA25. More details on the 'H NMR acquisition parameters are given
in the Appendix A. Due to uncertainties resulting from overlapping peaks at mass
fractions of EvA25 in samples with wg,a > 0.65 g/g, the mass fraction of H,O in these
samples was determined by Karl-Fischer titration. The amount of EvA25 was calculated
from the mass fraction of HyO wp,o and the CO,-loading Xcoz~ The pressure inside
the apparatus was measured with a calibrated high precision pressure transducer from
WIKA in the lower loop. Due to the running gear pumps, small diameters of the loop-
tubes, and high viscosity of the CO,-loaded solvent (cf. Appendix C), the accuracy of
that measurement was, however, far below that of the VLE experiments (cf. Section 2.7),
so that the pressure reading was only used to ensure that no exceedingly high pressures
in the cell occurred during the experiments. As expected, the pressure was always
in the range of the bubble point pressure of the solution, which was known from the
VLE experiments (cf. Section 2.7). Due to the poor quality of that measurement, the

measured pressures of the LLE experiments are not reported in the present work.

Each of the LLE experiments in the system (EvA25 + H,0) was repeated three to
five times. The arithmetic mean value is reported here as the result. The standard
uncertainty of the mass fraction of H,O wy,o was calculated from the standard deviation
of the repeated measurements and the standard uncertainty of a previously performed
calibration with weighed samples. The standard uncertainty resulting from calibration
was u(n,0) = 0.021 g/g for samples which were measured with Karl-Fischer titration

and u(wy,0) = 0.010 g/g for samples which were measured by 'H NMR spectroscopy.

Experiments in the system (EvA25 + H,O + CO,) were performed only once. The
standard uncertainty of the mass fraction of HyO wy,o resulting from calibration was
taken as the standard uncertainty of the mass fraction of H,O in the samples (see
above). The standard uncertainty of the mass fraction of CO, Wco, was calculated

from the standard uncertainty of the 3C{!'H} inverse gated NMR experiments (cf.
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Section 2.8.3) and the standard uncertainty of a previously performed calibration. The
standard uncertainty from calibration was u(ico,) = 0.014 g/g and results mainly from
sample taking and handling. The expanded uncertainty of the temperature measurement
t was U(t) = 0.1 °C (0.99 level of confidence). The pressure inside the cell was not
recorded (see text above) as it has no significant influence on the composition in the

liquid phases.

2.6 Solid-liquid equilibrium

Solid-liquid equilibria (SLE) were measured only in the system (EvA25 + H,O + CO,)
(cf. Section 5). In the screening (cf. Section 3), EvA25 showed solid precipitation
in a composition and temperature region, where CO,-absorption processes are usually
operated. Solid precipitation is not desired in the CO,-absorption processes that are
discussed in Section 5. To avoid solid precipitation, the phase boundaries for solid
precipitation must be known. This was done by measuring the liquidus temperature of
CO,-loaded aqueous solutions of EvA25. The determination of the composition in the

solids was not in the scope of the present work.

The liquidus temperature was determined starting from low temperatures, where solids
were present, by stepwise heating up the samples and observing the disappearance of the
solids. First, samples of the CO,-loaded solvents were filled into 10 ml glass vials and
frozen at -25 °C. The frozen samples were then put in a thermostatted water bath which
was initially thermostatted at ¢ = 10 °C. The bath temperature was then increased in
steps of 2 °C every three and a half days. This time period was sufficient to ensure the
establishment of the equilibrium. Before increasing the temperature, the samples were
visually inspected for solids. If no solids were found, the arithmetic mean of the last two
temperatures (the last one, for which solids were found and the present one, where the
solids had disappeared) was taken as the liquidus temperature. The temperature of the
thermostatting bath was measured with a calibrated Pt100 thermometer. Each sample
was measured at least two times. The arithmetic mean value of the measured liquidus

temperatures is reported here as the result.

The standard uncertainty of the liquidus temperature tgeee was calculated from the
standard deviation of the repeated measurements, half the step size of the tempera-
ture increase, and the standard uncertainty from temperature calibration. The average
standard uncertainty of the liquidus temperature was w(tgeeze) = 2.8 °C. The expanded
uncertainty of the liquid composition is the same as specified in Section 2.3.2. The pres-
sure inside the vials was not measured as it has no significant influence on the measured

liquidus temperature.
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2.7 Gas solubility

2.7.1 Head space gas chromatography

The partial pressure of CO, in the gas phase above CO,-loaded aqueous solutions of
amines was measured with head space gas chromatography for pressures pco, < 1 bar.
The equipment and the experimental procedure were the same as employed in previous
works of our group [29, 48, 49] and are therefore not described here in detail. The com-
position of the liquid phase was known from sample preparation and the partial pressure
of CO, was determined by gas chromatography. The gas chromatograph (Agilent, type
6890) was equipped with a capillary column (J&M Scientific, type GS-Q, 30 m, 0.32 mm
i.d.) and a thermal conductivity detector. For calibration, the sample cells were filled
with pure CO, at a pressure ranging from 20 mbar < pco, < 900 mbar. The calibra-
tion was performed before and after each change of temperature. The temperature was
measured with calibrated platinum resistance thermometer in the thermostatting liquid
surrounding the cells. At least four sample cells were prepared and studied in the same
way (exceptions were made for the screening (cf. Section 2.4)). The arithmetic mean

values of the measured partial pressures of CO, are reported here as the result.

The standard uncertainty of the measured partial pressure of COy pco, was calculated
from the standard deviation of the repeated measurements and the standard uncer-
tainty from calibration. The average relative standard uncertainty of the measured
partial pressure of CO, was u,(pco,) = 0.025. The expanded uncertainty of the liquid
composition was the same as specified in Section 2.3.2. The expanded uncertainty of

the temperature measurement ¢ was U(t) = 0.1 °C (0.99 level of confidence).

2.7.2 High pressure view cell

A thermostatted high pressure view cell was used to determine the bubble point pressure
of CO,-loaded aqueous solutions of amines for pressures between 1 bar < p < 100 bar.
The equipment and the experimental procedure were the same as in previous works
of our group [29, 48, 49] and are therefore not described here in detail. The bubble
point pressure was measured with calibrated high precision pressure transducers from
WIKA. The view cell’s temperature was measured with calibrated platinum resistance
thermometer in the thermostatting liquid surrounding the view cell. Each experiment
was repeated three times. The arithmetic mean values of the measured bubble point

pressures are reported here as the result.

The standard uncertainty of the measured bubble point pressure p was calculated from

the standard deviation of the repeated measurements and the standard uncertainty from
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calibration. The average relative standard uncertainty of the bubble point pressure was
u,(p) = 0.005. The expanded uncertainty of the molality of amines M amine Was the same
as specified in Section 2.3.2. CO, was added separately into the cell. The amount of CO,
was known from weighing with an accuracy of + 1 mg. The resulting relative expanded
uncertainty of the molality of CO, 1o, was U, (mco,) = 0.001 (0.99 level of confidence).
The expanded uncertainty of the temperature measurement ¢t was U(t) = 0.1 °C (0.99

level of confidence).

2.8 Chemical equilibrium

2.8.1 Titration

The molal activity-based pK-values of the amines, highly diluted in H,O, were de-
termined by titration experiments. The titration experiments were performed with a
Metrohm Ti-Touch 916 Titrino, equipped with a Dosino 800. In the experiments, amine,
H,0, and 1M HCI were mixed in a double jacket thermostatted and stirred vessel. After
reaching the desired temperature, 1M NaOH was titrated to the mixture. The pH-value
was measured with a Metrohm LL Unitrode. The pH-electrode also contained a cali-
brated Pt1000 that was used for the temperature measurement. The pH-electrode was
calibrated with five buffer solutions at pH = 2, 6, 8, 10, and 12 before and after each
temperature change. Fach experiment was performed twice (except for the screening,
where the experiments were performed only once (cf. Section 2.4)). The arithmetic
mean values of the obtained molal activity based pK-values are reported here as the

result.

The standard uncertainty of the measured pK-value was calculated from the standard
deviation of the repeated measurements and the standard uncertainty from calibration.
The average standard uncertainty of the measured pK-values was u(pK) = 0.13 on the
molal activity based pH-scale. The expanded uncertainty of the temperature measure-
ment ¢ was U(t) = 0.1 °C (0.99 level of confidence). All titrations were performed at

ambient pressure, which was p = 977 + 20 mbar.

2.8.2 pH-meter

The pH-value of unloaded and CO,-loaded aqueous solutions of amines was measured
with a Mettler Toledo HA405-DXK-S8 pH-electrode connected to a Mettler Toledo Five
Easy FE20 pH/mV bench meter. The pH-electrode was screwed into a pressure-resistant

and hermetically closed stainless steel vial containing the sample. The vial was placed
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into an oil bath and thermostatted by the surrounding oil. The temperature of the
oil bath was measured by a calibrated digital probe thermometer from TFA Dostmann
(TFA 30.1021). For an experiment with unloaded solvents, the temperature was first
kept at t = 25 °C for 15 minutes. Then the temperature was increased to t = 40 °C for
30 minutes, followed by ¢ = 80 °C and ¢t = 120 °C for 40 minutes each. For CO,-loaded
solvents, the periods were: 20 minutes at ¢ = 20 °C and 120 minutes at ¢t = 60 °C and
t = 100 °C respectively. These timings ensured that, at each temperature, the thermal
and chemical equilibrium was reached. The pH-electrode was calibrated with 0.01 M
HCI, 0.01 M KOH, 0.1 M KOH, and KH,PO,-Na,HPO, [52] reference mixtures using
the same measurement procedure as described above. The molal activity based pH-value
of the reference mixtures was calculated using Pitzer’s extended Debye-Hiickel law [53].
Each experiment with unloaded solvents was performed three times. The experiments
with CO,-loaded solvents were performed twice. The arithmetic mean values of the

measured molal activity based pH-values are reported here as the result.

The standard uncertainty of the measured pH-value was calculated from the standard
deviation of the repeated measurements and the standard uncertainty from calibration.
The average standard uncertainty of the measured pH-values was u(pH) = 0.14 on
the molal activity based pH-scale. The expanded uncertainty of the composition was
the same as specified in Section 2.3.2. The expanded uncertainty of the temperature
measurement ¢ was U(t) = 0.1 °C (0.99 level of confidence). The pressure inside the

vials was not measured as it has no significant influence on the measured pH-value.

2.8.3 NMR spectroscopy

NMR spectroscopy was used for the elucidation and quantification of the speciation in
the CO,-loaded aqueous solutions of amines. The measurements were carried out with
a Bruker Ascend 400 MHz spectrometer equipped with an Avance 3 HD 400 console
and either CPPBBO or PABBO 5 mm probe heads. All samples were analyzed in
pressure-resistant valved NMR tubes (S-5-400-MW-IPV-7 by Norell and 522-QPV-7
/ 524-QPV-7 by Wilmad-LabGlass). The filling level inside the tubes was kept below
6 cm to ensure homogeneous thermostatisation of the liquid phase inside the NMR tube.
The temperature of the samples was controlled by a thermostatted nitrogen gas flow
in the NMR spectrometer. The temperature was calibrated by using the temperature
dependent 'H shift of methanol (25 °C < ¢ < 60 °C) and ethylene glycol (80 °C < t < 120 °C)
[54]. To reach chemical equilibrium, the samples were thermostatted for 4 hours in an

oven before they were analyzed in the NMR spectrometer.

For the elucidation, 'H, 3C{'H} inverse gated, and two-dimensional 'H-'3C heteronu-

clear single quantum coherence (HSQC), 'H-13C heteronuclear multiple bond correlation
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(HMBC), and 135° distortionless enhanced polarization transfer 13C (DEPT135) mea-

surements were used.

For the quantification of the CO,-containing species, 3C{'H} inverse gated NMR spec-
tra (decoupling sequence: waltz16, flip angle: between 30° and 90°, relaxation delay:
60 s to 90 s (depending on the flip angle), acquired size of FID: 128k - 256k, sweep
width: 220 ppm, excitation frequency offset: 100 ppm, acquisition time: 2.97 s to 6.5 s,
128 to 1024 scans per spectra) were applied. The Tj relaxation time was measured by
inversion recovery with power gated proton decoupling and was T} < 8 s for a 90° flip
angle for all studied systems. The recorded spectra were post-processed manually (zero
filling, line broadening, phase correction, and either Whittaker-Smoother or polynomial

baseline correction). The peak areas were determined by direct integration.

The concentration of the CO,-containing species &; were obtained by comparing the
peak integrals of the different CO,-containing species ¢ in relation to the total peak
integrals of all amine signals and are thus obtained in moles of the species per moles of

all amine-species in the mixture.

In the symbols that are used to specify the concentration in the present work, the tilde
refers to the measured amount of the species and include all protonated forms of the
species. The sum of the concentration of all CO,-containing species was taken as the
total COy-loading as shown in Equation (8). The measurements as described above

were carried out at different temperatures with each sample.

Gco, = )G (8)

The values listed in Table 3 were taken to describe the standard uncertainty of the
measured concentrations of CO,-containing species &;. They result mainly from un-
certainties in the post-processing and peak integration and stem from comparisons
between the measured sums of all CO,-containing species with their initial weighed
amounts. The expanded uncertainty of the composition of the solvent was the same as
specified in Section 2.3.2. The expanded uncertainty of the temperature measurement
t was U(t) = 0.1 °C (0.99 level of confidence). The pressure inside the NMR tubes
was not measured as it has no significant influence on the measured concentrations of

CO,-containing species.
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Table 3: Standard uncertainty of the quantitative NMR investigation. @? . : mass
fraction of amine in the unloaded solvent, &;: concentration of CO,-containing
species, t: temperature, u: standard uncertainty, w,: relative standard uncer-

tainty.

Wmine t ur (@) 5 u(a;)
g/e °C - ; mol/mol
0.1 20 - 69 max{ 0.05;0.03 }
0.4 20 - 69 max{ 0.03;0.02 }

01& 04 >70 max{ 0.08;0.05}

2.9 Liquid heat capacity

The liquid heat capacity of pure amine and its mixtures with H,O was measured in
a differential scanning calorimeter (DSC) Q2000 from TA Instruments. The tempera-
ture measurement of the DSC was calibrated using melting point determination. The
cell’s heat flux was calibrated by melting enthalpy calibration. The heat capacity mea-
surement was calibrated with a sapphire standard (No. 915079.902) provided by TA
Instruments. For weighing the samples, a Mettler Toledo MX5 was used. For all ex-
periments, hermetically closed Tzero Alodined pans and lids from TA Instruments were
used. The pans and lids were passivated to avoid the base catalyzed formation of

aluminum-hydroxide and hydrogen.

For the measurement an upward temperature ramp of 5 °C/min between ¢ = 20 °C and
t = 90 °C was applied. Each sample was measured three times in a row. Before and
between each run a resting time of 5 minutes at t = 20 °C was given. The result of the
first run was discarded. The average of the second and third run is reported here as the

measured liquid heat capacity.

The standard uncertainty of the measured liquid heat capacity ¢, was calculated from
the standard deviation of the repeated measurements and the standard uncertainty from
calibration. The average standard uncertainty of the measured liquid heat capacity was
u(cy) = 75 J/(kg'K). The expanded uncertainty of the composition was the same as
specified in Section 2.3.2. The expanded uncertainty of the temperature measurement
t was U(t) = 0.1 °C (0.99 level of confidence). The pressure inside the pans was not

measured as it has no significant influence on the measured liquid heat capacity.
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2.10 Density and dynamic viscosity

The density and dynamic viscosity of unloaded and CO,-loaded aqueous solutions of
amines were measured with an Anton Paar SVM 3000 instrument which is a combination
of an oscillating U-tube densimeter and Stabinger viscosimeter. Each experiment was
repeated up to five times. The arithmetic mean values of the measured densities and

dynamic viscosities are reported here as the result.

The standard uncertainty of the measured density p and dynamic viscosity 1 was cal-
culated from the standard deviation of the repeated measurements and the standard
uncertainty from calibration. The average standard uncertainty of the measured den-
sity was u(p) = 0.001 g/cm3. The average relative standard uncertainty of the measured
dynamic viscosity was u,.(n) = 0.01. The expanded uncertainty of the composition was
the same as specified in Section 2.3.2. The expanded uncertainty of the temperature
measurement ¢ was U(t) = 0.1 °C (0.99 level of confidence). The measurements were

performed at ambient pressure, which was p = 977 + 20 mbar.

2.11 Vapor pressure

The vapor pressure of pure amines was measured in a circulation still [55, 56]. In the
apparatus, the pressure was set and the temperature was measured. The pressure was
measured with a P-30 0.1 MPa full scale high precision capacitive pressure sensor from
WIKA. The temperature was measured with a calibrated Pt100 thermometer. Due to
the onset of carbonization at temperatures around ¢ » 200 °C, only low pressures could
be studied. The pressure and temperature were recorded every 5 seconds for 30 minutes.
The arithmetic mean values of the pressure and temperature are reported here as the

result.

The standard uncertainty of the measured temperature ¢ and vapor pressure p* was
calculated from the standard deviation of the recorded temperature and pressure and the
standard uncertainty from temperature and pressure calibration. The average standard
uncertainty of the measured temperature was u(t) = 0.2 °C. The average standard

uncertainty of the measured vapor pressure was u(p®) = 2 mbar.
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3 Screening

3.1 Introduction

Screening of solvents is usually the first step in the process of solvent selection. Bern-
hardsen and Knuutila [16] have recently given a good review on reports of screenings
of amine based solvents. A survey of publications on such screenings is presented in
Table 4. Most of the amines that were investigated in these screenings are commercially
available. Only comparatively few research groups have synthesized new amines for the
screening [57-66]. Bubble cell apparatuses were used to investigate the CO,-solubility
and rate of absorption of CO, in most of the studies. Sometimes also the enthalpy
of absorption of CO, or acid constants of the amines were measured. A few groups
used temperature dependent fits of CO,-solubility data to calculate the enthalpy of ab-
sorption of CO,. Besides the experimental screenings, also group-contribution-based

theoretical solvent screenings have been performed [67, 68].

Table 4: Overview of publications on experimental screenings of aqueous solutions of
amines for CO,-absorption.

investigated investigated experimental investigated

author ) 19 ]
amines * / solvents setups properties
Adeosun et al. (2013)[69]* 5/ - 5 2 f
Aronu et al. (2010)[70] 5/ - 8 1 a,b,e,f
Aronu et al. (2011)[71]* 9/- 13 1 e,f
Aronu et al. (2013)[72] 8/ - 14 2 a,d,e,f
Broeder et al. (2012)[73] 7/ - 19 1 e,f
Chen et al. (2011)[74] 6/ - 7 1 efg
Chen et al. (2011)[75]* 7/ - 8 2 c,efg
Choi et al. (2014)[76] 5/ - 6 4 cefg
Chowdhury et al. (2009)[57]* 22 /4 26 3 efg
Chowdhury et al. (2011)[58]* 4 /7 11 3 efg
Chowdhury et al. (2013)[59]* 14 /7 21 3 efg
Conway et al. (2014)[62]* 3 /30 33 2 e,f,h
Conway et al. (2014)[77] 7/ - 7 1 e,f,h
Du et al. (2016)[78] 22 /- 10 2 c.e,f
Dubois et al. (2013)[79] 10 / - 12 2 e,f
El Hadri et al. (2017)[80] 30 / - 30 3 aefg
Goto et al. (2011)[60]* 10 /1 9 3 d,efg
Goto et al. (2011)[61] 6/4 9 3 def.g
Hartono et al. (2017)[81]* 18 / - 18 2 c,e,f

continued on next page
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Table 4: continued from previous page

investigated investigated experimental investigated

author ) 19 ]
amines * / solvents setups properties

Hook (1997)[64] 5/3 8 4 ade,f
Kim et al. (2014)[82]* 6/ - 6 3 d,fg
Luo et al. (2016)[83] 5/- 10 2 e,f

Maneeintr et al. (2009)[65]* 1/5 6 1 f

Mergler et al. (2011)[84]* 5/ - 5 2 d,f
Muchan et al. (2017)[85] 4/ - 4 2 efg

Muchan et al. (2017)[86] 9/- 18 3 d,ef,g
Puxty et al. (2009)[87]* 76 / - 76 2 ef
Singh et al. (2007)[88]* 14 / - 14 1 a,e,f
Singh et al. (2009)[89]* 35/ - 35 1 a,e,f
Singh et al. (2009)[90] 33 /- 33 1 a,e,f
Singh et al. (2011)[91]* 27 / - 30 1 a,e,f

Singto et al. (2016)[66] 2/5 7 3 a,d,e,f,g
Wang et al. (2013)[92] 16 / - 16 1 e,f
Wang et al. (2013)[93] 15 / - 15 1 e,f
Yang et al. (2016)[63] 3 /30 33 1 a,f
Zhang et al. (2017)[94] 8/ - 8 2 d,e,f
Zoghi et al. (2012)[95] 6/ - 16 1 e f

This Section 3/ 26 56 7 a,b,c,d,e,f,h

a: water solubility and/or solid precipitation, b: foaming behavior and/or liquid-liquid demixing, c:
density and/or dynamic viscosity, d: information on chemical equilibrium, e.g., pK-values or NMR, e:
rate of absorption of CO,, f: equilibrium CO4-loading, g: calculated or measured enthalpy of absorption
of CO,, h: calculated energy demand of a purification task. *stated in Bernhardsen and Knuutila [16].
Lcommercially available, 2synthesized for the screening.

The results of the experimental screening of the 26 newly synthesized EvAs is presented
in this section. Seven apparatuses were used to study nine properties of the solvents.
The properties were chosen such as to characterize the solvents for industrial applica-
tion for CO,-absorption: CO,-loading, rate of absorption of CO,, pK-values, foaming
behavior, solid precipitation, solubility in water, liquid-liquid demixing temperature,
dynamic viscosity, and CO,-solubility isotherms. The mass fraction of the amines in

=0.05g/gor w? . = 0.4g/g. Furthermore, the

amine

the unloaded solvent was either @w?_.
NoVa short-cut method [35] was used to estimate the energy demand and recirculation
rate of two typical purification tasks: the CO,-removal from natural gas and from syn-
thesis gas, respectively. The same procedures were applied for all amines. The results
were compared to corresponding data for two amines that are widely used for CO,-
absorption: monoethanolamine (MEA) and a blend of methyl-diethanolamine (MDEA)
and piperazine (PZ) with a mass ratio of 7:1 (MDEA/PZ). The aim of this compre-

hensive comparison was to evaluate the potential of the EvAs as an interesting class of



3.2 Experimental results 27

aqueous solvents for the CO,-absorption. It turned out that some of the aqueous solu-

tions of EvAs show significantly improved performance compared to aqueous solutions

of MEA and MDEA /PZ.

3.2 Experimental results

3.2.1 Solubility in water, solid precipitation, and foaming

behavior

Table 5 shows the results that were obtained in the qualitative assessment of the solubil-
ity in water of the systems (amine + H,O), as well as of solid precipitation and foaming
behavior of the systems (amine + H,O + CO,).

=0.05g/g. Atw? . =0.4g/g all EvAs except

amine

All EvAs are soluble in water at @w?_.
EvAl4, EvA17, EvA32, and EvA33 are soluble in water. From these, EvA14 is the only
which is liquid as a pure component but forms solids in aqueous solution. EvA17 has
the highest molar mass of all studied amines. EvA32 is the only amino-acid, and EvA33
is the only amide in the study. The aqueous solution of EvA19 is a crude-oil-like opaque

black liquid. All other aqueous solutions of EvAs are translucent reddish liquids.

Table 5: Experimental results of the qualitative assessment of the solubility in water in
the system (amine + H,0), as well as solid precipitation and foaming behavior
in the system (amine + H,O + CO,) from the screening.

solubility solid foam
in water precipitation  height
@ o/ e/e  0.05 04 005 04 0.4
t/°C 25 25 25 25 40
COy-loading no no yes yes yes
MEA soluble soluble no no reference
MDEA/PZ  soluble soluble no no similar
EvAO01 soluble soluble no yes lower
EvA02 soluble soluble no yes lower
EvAO03 soluble soluble no no similar
EvA04 soluble soluble no yes lower
EvAO05 soluble soluble no yes lower
EvA06 soluble soluble no no lower
EvAQ07 soluble soluble no yes lower
EvA09 soluble soluble no no lower
EvA10 soluble soluble no yes lower

a a

EvAl4 soluble  poor no

continued on next page
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Table 5: continued from previous page

solubility solid foam
in water precipitation  height
@ o /ele  0.05 04 005 04 0.4
t/°C 25 25 25 25 40
COy-loading no no yes yes yes
EvA17 soluble  poor no a @
EvA19 soluble soluble yes yes lower
EvA21 soluble soluble no no lower
EvA22 soluble soluble no yes lower
EvA24 soluble soluble no no lower
EvA25 soluble soluble no no’ lower
EvA26 soluble soluble no yes lower
EvA27 soluble soluble no yes lower
EvA29/30  soluble soluble no no similar
EvA31 soluble soluble no yes lower
EvA32 soluble  poor no @ @
EvA33 soluble  poor no a @
EvA34 soluble soluble no no lower
EvA36 soluble soluble no no lower
EvA41 soluble soluble no yes lower
W0 ine: Mass fraction of amine in the unloaded solvent with the relative expanded uncertainty
U (W00 ine) = 0.001 (0.99 level of confidence), t: temperature with the expanded uncertainty U(t) = 1 °C

(0.99 level of confidence). %not available due to poor solubility in HyO. *EvA25 passed the 7 days test
but showed solid precipitation after several month.

In the experiments in the bubble cell (cf. Section 2.4.2.4), only the CO,-loaded aqueous
solutions of EvA19 showed solid precipitation at w° = 0.05 g/g. EvA19 is the only

amine
0

amine

observed in the flow-saturator experiments (cf. Section 2.4.1.2) for 12 of the 21 EvAs

EvA that contains an aromatic furan-ring. At @ = 0.4 g/g, solid precipitation was
which were soluble in water. No solid precipitation was observed for EvA03, EvA0G,
EvA09, EvA21, EvA24, EvA29/30, EvA34, and EvA36. EvA25 also passed the 7 days
test used here for the classification of solid precipitation and was therefore classified as
not solid precipitating. However, after several month, solids were found in some of the
CO,-loaded samples of EvA25. A similar behavior was observed for EvA(02 in a previous
work of our group [29]. A pattern to establish a relation between the molecular structure
of the EvAs and the occurrence of solid precipitation was not found in the present data.
However, the results clearly show that the probability of solid precipitation increases

with increasing mass fraction of amine in the unloaded solvent.

The observed foam height of the reference MEA was about 7 c¢cm in the experiments.
EvA03, the mixtures EvA29/30 and MDEA/PZ showed similar foam heights. For all
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other studied EvAs, a distinctly lower foam height was observed. Less foaming is ad-

vantageous for the operability of CO,-absorption plants.

3.2.2 Density, dynamic viscosity, and demixing temperature

Table 6 shows the quantitative results of the experimental studies of the density p, the
dynamic viscosity 7, and the liquid-liquid demixing temperature fgemix in the system
(amine + H,0).

The density of the investigated aqueous solutions of EvAs at t = 25 °C is in a range

between p = 0.978 g/cm? for EvA05 and p = 1.027 g/cm? for EvA29/30 and EvA19.

The dynamic viscosity of the aqueous solutions of EvAs at ¢t = 25 °C is in a range between
n = 7.9 mPa-s for EvAOl and n = 22.1 mPa-s for EvA34. As expected, in general, the
dynamic viscosity increases with increasing molar mass. Most of the studied aqueous
solutions of EvAs show higher dynamic viscosities than the aqueous solutions of MEA
and MDEA /PZ. Higher viscosities are disadvantageous for the mass transfer in CO,-

absorption processes.

The lowest liquid-liquid demixing temperature in the system was observed for EvA(02
at tgemix = 42.5 °C. The demixing temperature increases with increasing ratio of po-
lar groups (hydroxy, ether, ketone, amino) to unpolar groups (hydrocarbons) in the
molecule. No demixing was observed for EvAs that contain hydroxy-groups (EvA21,
EvA27, EvA29/30, EvA31), primary amino groups (EvAO01), or unhindered secondary
amino groups (EvA34, EvA36, EvA41), respectively.

Table 6: Density, dynamic viscosity, and liquid-liquid demixing temperature of un-
loaded aqueous solutions of EvAs with @w? . = 0.4 g/g. Experimental results
from the present work.

p n tdemix

g/cm? mPa-s °C

MEA 1.016 3.7+1.3 no“
MDEA/PZ 1.033 5.8+ 1.6 no?
EvAO1 0999 79+16 no”
EvA02 0.984 11.6 +1.5 425
EvAO03 0.999 15.5+2.0 107.5
EvA04 0.98 9.1 +£20 625
EvAO05 0.978 104 +£18 475
EvA06 1.006 8.6 +1.8 117.5
EvAO7 1.000 14.7 £2.0 1225
EvA09 1.024 93 +1.0 82.5

continued on next page
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Table 6: continued from previous page
P Ui ldemix
g/cm? mPa-s °C
EvA10 1.018 175 +24 925
EvA19 1.027 93+ 1.8 725
EvA21 1.034 11.7+ 2.0 no“
EvA22 0.998 9.8+18 875
EvA24 1.024 14.6 + 2.0 127.5
EvA25 0.992 174 +22 675
EvA26 0.995 16.1+20 725
EvA27 1.015 14.8 +2.3 no”
EvA29/30 1.027 13.8+2.1 no®
EvA31 1.021 11.6 £+1.9 no“
EvA34 1.002 22.1+24 no?
EvA36 1.004 14.0 £+ 2.0 no“
EvA41 1.025 9.4 + 1.8 no?

W0 o Mass fraction of amine in the unloaded solvent with the relative expanded uncertainty
U (00 ine) = 0.001 (0.99 level of confidence), p: density at the temperature t = 25 °C with the standard
uncertainty u(p) = 0.01 g/cm® and the expanded uncertainty U(t) = 1 °C (0.99 level of confidence)
7: dynamic viscosity at the temperature ¢t = 25 °C with the intervals representing the standard uncer-
tainty u(n) and the expanded uncertainty U(t) = 1 °C (0.99 level of confidence), tqemix: liquid-liquid
demixing temperature with the expanded uncertainty U (t4emix) = 2.7 °C (0.99 level of confidence). “no
liquid-liquid demixing observed below ¢ < 130 °C.

3.2.3 pK-values

The molal activity-based pK-values of the amines, highly diluted in H,O, which were
determined from titration experiments at ¢ = 20 °C, ¢t = 40 °C, and t = 60 °C are
listed in Table 7. In Table 7, the Greek letters indicate to which amino group the pK-
value corresponds (cf. Figure 1). For the mixture EvA29/30 and for EvA41 (which
was contaminated with piperazine) no reliable information on the pK-values could be

obtained from the titration curves.

The highest pK-value was assigned to the a-amino group for all EvAs. Literature data
29, 96, 97] and the positive inductive effect of the surrounding 2,2,6,6-tetramethyl-
piperidine-ring support this assignment. The second highest pK-value was assigned to
the amino group that has the highest spatial distance to the a-amino group. This is
the y-amino group for EvAs that contain three amino groups (EvA03, EvA07, EvA10,
EvAl4, EvA21, EvA24, EvA25, EvA26, EvA36), and the j-amino group for EvAs that
contain four amino groups (EvA17, EvA34). Literature data for similar amines support
these assignments [96, 98]. The third highest pK-value of EvA34 is assigned to the
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f-amino group, and the lowest pK-value of EvA34 to the v-amino group. Arguments
for these assignments are the larger inductive effect of the piperidine ring at the S-amino
group compared to the y-amino group, literature data [29] for a similar S-amino group
arrangement, and a negligible influence of the steric hindrance [96, 99, 100]. The third
highest pK-value of EvA17 was assigned to the y-amino group. For EvA17, due to
the lower pK-value of the d-amino group, compared to the a-amino group, the d-amino
group is less protonated than the a-amino group. Hence, the v-amino group is less
influenced by protonated amino groups nearby than the [-amino group, and is thus

expected to have a higher pK-value than the S-amino group.

Table 7: pK-values of the investigated EvAs. Experimental results from the present
work. Greek letters indicate the corresponding amino group according to the
designation in Figure 1.

pK-values

t/°C 20 40 60
EvA0l  10.8¢ 8.2° 10.3¢  7.7° 9.7% 7.28
EvA02 10.9¢ 8.3° 10.4¢ 778 9.8 7.3°
EvA03  10.8 9.47 6.9° 10.2* 8.9 6.4° 9.7 847 5.9°
EvA04 10.8* 8.3° 10.3¢ 7.7° 9.7 7.3°
EvA05 10.9¢ 8.3° 10.3¢ 7.8° 9.6 7.3°
EvA06* 10.6“ 7.5° 10.0% 6.9° 9.4*  6.6°
EvA07 10.6® 887 4.8° 10.1¢  8.4Y 4.5° 9.5% 807 4.1°
EvA09* 10.4“ 5.7° 9.8 5.6° 9.2 518
EvA10  10.4® 7.77 2.6° 9.9 757 25° 9.1¢ 7.07 2.4°
EvAl4 107 9.17 5.8° 10.1¢ 8.77 5.4° 9.5% 827 5.1°
EvAl17 109 9.9° 757 46° 104® 94% 717 42° 97 88 6.67 3.8°
EvA19* 10.5¢ 7.0° 9.9 6.5 9.3 6.0°
EvA21* 10.7% 867 6.2° 10.2¢ 8.27 5.9° 9.6 7.77 5.4°
EvA22* 10.6* 7.9° 10.1¢  7.5° 9.5% 6.98
EvA24* 10.8¢ 8.07 6.0° 10.1¢ 7.6 5.7° 9.4* 717 5.3°
EvA25  10.9¢ 987 6.7° 10.3% 9.3 6.4° 9.7 877 5.9°
EvA26  10.6® 9.37 4.9° 10.1¢  8.97 4.5° 9.6 847 4.2°
EvA27* 10.6“ 7.6° 10.0¢ 7.1° 9.5% 6.7°
EvA31* 10.5¢ 7.5° 10.0¢  7.1° 9.5% 6.7°
EvA32* 10.6* 7.6° 10.1¢ 7.3° 9.5% 6.98
EvA33* 10.5¢ 9.4° 9.9 9.1° 9.4 896
EvA34 10.9* 9.8 83° 677 10.3* 9.3 7.7° 6.27 9.8* 89° 75° 597
EvA36 11.0¢ 9.97 6.9° 10.4% 947 6.5° 9.9 887 6.0°

pK-values on the molal activity based pH-scale with the standard uncertainty u(pK) = 0.15. ¢: tem-
perature with the expanded uncertainty U(t) = 1 °C (0.99 level of confidence). *EvAs that contain
oxygen atoms.
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The pK-values are strongly influenced by the substituents. As expected, the S-amino
group that links the substituent to the piperidine-ring is influenced more strongly by
the nature of the substituent than the a-amino group. However, also the a-amino group
is influenced by the substituent, despite the spatial distance. Substituents that contain
oxygen atoms (marked with an asterisk in Table 7) reduce the pK-values. This is due
to the negative inductive effect of oxygen atoms. An exception is EvA33, where the
pK-value of the S-amino group is remarkably high. EvA33 contains a secondary amide
group. Amides are reported to have high pK-values [101, 102]. In general, higher pK-
values are advantageous for the absorption of CO,. EvA03, EvA17, EvA25, EvA34,
and EvA36 as well as EvA33 show high pK-values. In that group of EvAs only EvA33

contains an oxygen atom.

3.2.4 Equilibrium CO,-loading

Figure 4 shows the equilibrium CO,-loadings XCO2 in the system (amine + H,O +
CO,) at t = 40 °C and t = 100 °C that were obtained in bubble cell experiments at a

partial pressure of CO, of pco, = 140 mbar. The mass fraction of amine in the unloaded
0

amine

solvent was always w = 0.05 g/g in these experiments. This low mass fraction was
chosen to avoid solid precipitation. The results are displayed in descending order of the
difference between the equilibrium CO,-loadings at ¢ = 40 °C and ¢ = 100 °C. The value
of this difference Af(coz is given in Figure 4 as well. The data are divided into three
groups: EvAs that contain oxygen atoms, EvAs that do not contain oxygen atoms, and
the references MEA and MDEA /PZ. The corresponding experimental numerical data

are given in Appendix E.

In general, EvAs that do not contain oxygen atoms show higher X¢o , at t =40 °C than
EvAs that contain oxygen atoms. Oxygen atoms lower the basicity (cf. Section 3.2.3),
which consequently lowers the equilibrium CO,-loading. But also AX'COQ is in general
higher for EvAs that do not contain oxygen atoms than for EvAs that contain oxy-
gen atoms. This might be related to the temperature dependency of the pK-values:
high pK-values decrease stronger with increasing temperature, than low pK-values (cf.
Section 3.2.3).

However, also exceptions to this general relation between the equilibrium CO,-loading
and the pK-value were found. The amide EvA33 and the amino-acid EvA32, for exam-
ple, show much lower )~(CQ2 and AXCOQ than expected from their pK-values. Another
exception is EvA01, for which AXco , is very low compared to other EvAs with similar
high Xco2 at t = 40 °C. Here, the different functional groups (e.g., amide, amino acid,

primary, secondary, or tertiary amino groups, etc.) and the equilibrium constants of
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Figure 4: Equilibrium CO,-loading in the system (amine + H,O + CO,) with
T = 0.05 g/g at pco, = 140 mbar. Experimental results from bubble cell

wamine

experiments of the present work. m: ¢ = 40 °C, x: ¢ = 100 °C. : EvAs
that contain oxygen atoms, blue: EvAs that do not contain oxygen atoms,
orev: references. The number indicates the difference between the equilib-
rium CO,-loadings at ¢ = 40 °C and ¢t = 100 °C AX'COQ. The results are

displayed in order of descending numbers of AX'COQ.

the chemical reactions reveal their strong influence on the results. More details on the

influence of the reactions and equilibrium constants are given in Section 6.

The highest AXCOQ was found for the reference MDEA /PZ. However, AXCOQ for several
of the EvAs (EvA34, EvA03, EvA02, EvA25, EvA(07, EvA26, and EvA1l4) are similar
and surpass that of the reference MEA. They are all part of the group of EvAs that do
not contain oxygen atoms. They show higher XC% than MDEA /PZ but lower XC%
than MEA at t = 40 °C and t = 100 °C, respectively. It is remarkable that five out
of these seven EvAs (EvA03, EvA07, EvAl4, EvA25, and EvA26) have very similar
molecular structure and vary only in the length of the alkane-parts of the substituents

of the tertiary ~v-amino group.

3.2.5 Initial rate of absorption of CO,

Figure 5 shows the experimental results for the initial rate of absorption of CO, RA as a
function of the equilibrium CO,-loading Xco ,» determined from bubble cell experiments
at ¢ = 40 °C and a partial pressure of CO, of pco, = 140 mbar. The mass fraction of
amine in the unloaded solvent was @% , = 0.05 g/g in the experiments. This low mass
fraction of amine in the unloaded solvent reduce the influence of the viscosity and surface
tension on the initial rate of absorption [74] and additionally reduces the occurrence of
solid precipitation. The data is divided into the same three groups as in the previous

section: EvAs that contain oxygen atoms, EvAs that do not contain oxygen atoms, and
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Figure 5: Initial rate of absorption of CO, in the system (amine + H,O + CO,) as a
function of the equilibrium COy-loading at ¢t = 40 °C with @° =0.05g/g

amine

at poo, = 140 mbar. Experimental results from bubble cell experiments of
the present work. Numbers indicate the EvA-number. ©: EvAs that contain
oxygen atoms, <&: EvAs that do not contain oxygen atoms, 2 : references.

the references MEA and MDEA /PZ. The corresponding experimental numerical data

are given in Appendix E.

A general trend of increasing RA with increasing )Z'Co2 is observed (cf. Figure 5). XC%
can be seen as the driving force for the absorption, and therefore strongly influences
the initial rate of absorption. This explains the importance of high equilibrium CO,-
loadings XCOQ for reaching high rates of absorption RA. As discussed in the previous
section, EvAs that do not contain oxygen atoms show higher X002 than those that
contain oxygen atoms. Consequently, most of the EvAs that do not contain oxygen

atoms also show higher RA than those that contain oxygen atoms.

EvAO1, EvA02, and EvA36 show the highest RA in this comparison. It is remarkable
that they even surpass the RA of MEA, although MEA is known to have a high rate
of absorption compared to many other amines [58, 60, 73, 81, 86, 87, 103]. As MEA
has the highest XCOQ, it is likely that EvAOl, EvA36, and EvAO2 have higher rates
of reaction in the liquid phase than MEA. Other interesting candidates with high RA
are EvA05, EvAO7, EvA17, EvA22, and EvA34, which show similar RA as MEA and
surpass that of MDEA /PZ. From these EvAs only EvA22 contains an oxygen atom.

3.2.6 CO,-solubility isotherms

Figure 6 shows the results of the head space gas chromatography measurements, in which
the CO,-solubility isotherms in aqueous solutions of amines with @ = 0.4 g/g at

amine

t = 40 °C and t = 100 °C were determined. In Figure 6, the measured equilibrium
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Figure 6: CO,-solubility isotherms for the system (amine + H,O + CO,) with
w? =04 g/gatt=40°Cand t = 100 °C. Symbols: Experimental results

amine
from head space gas chromatography experiments of the present work. Lines:

SolSOFT equation fits. : EvAs that contain oxygen atoms, blue: EvAs
that do not contain oxygen atoms, : references. 0: EvAO3, : EvA06,

: EvA09, @ EvA21, ~: EvA24, +: EvA25, ©: EvA29/30, >: EvA34,
x: EvA36, : MDEA/PZ [104], : MEA [48].

partial pressure of CO, pco, is plotted as a function of the CO,-loading XCOQ. The
experimental results were correlated with the SoISOFT equation [35], which describes
the data well. For comparison also results for MEA and MDEA /PZ are depicted, which
were taken from the literature [48, 104]. Only solvents that were classified as not solid
precipitating (cf. Section 3.2.1) were studied with head space gas chromatography. The
data is divided into the same three groups as in the previous section. The corresponding
experimental numerical data are given in Appendix E. Details on the correlation with

the SolSOFT equation are given in Appendix B.

At t = 40 °C, EvAs that do not contain oxygen atoms show higher CO,-solubility
than EvAs that contain oxygen atoms. This is in accordance with the results of the
equilibrium CO,-loading from bubble cell experiments with lower mass fraction of amine
in the unloaded solvent (cf. Section 3.2.4). The reference MEA shows the highest CO,-
solubility at 40 °C. The COy-solubility in MDEA /PZ is within the range of the EvAs

that contain oxygen atoms.

Also at t = 100 °C, most of the EvAs that do not contain oxygen atoms show higher
CO,-solubility than the EvAs that contain oxygen atoms. Exceptions are EvA25 and
partially also EvAO3. The remarkable low CO,-solubility in EvA03 and EvA25 at
t = 100 °C differs from the findings from bubble cell experiments, where the CO,-
solubility in EvA25 and EvA03 at ¢ = 100 °C is higher than that in all EvAs that
contain oxygen atoms (cf. Figure 4). These differences result from the differences in

the mass fraction of amine in the unloaded solvent, which was w° = 0.4 g/g here,

amine
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whereas it was only @w? . = 0.05 g/g in the bubble cell experiments. At @? . =0.4g/g
and t = 100 °C, the solvent shows a large liquid-liquid miscibility gap that reduces the
solubility of CO, in the solvent, whereas at w? . = 0.05 g/g and ¢ = 100 °C, the
miscibility gap and its effect on the CO,-solubility is negligible (cf. Section 5). Of all
studied amines, MEA shows the highest CO,-solubility at t = 100 °C. The CO,-solubility
in MDEA /PZ is within the range of the CO,-solubility in the EvAs that contain oxygen

atoms, EvA25, and EvAO03.

Figure 7 shows the differences between the CO,-solubility isotherms at ¢ = 40 °C and
t = 100 °C AXCOQ for a given partial pressure of CO, pco,. The displayed curves
are calculated from the differences of the SolSOFT fits (cf. Figure 6). The differences
between the CO,-solubility at ¢ = 40 °C and ¢t = 100 °C is a particularly important
parameter for the CO,-absorption process and depends strongly on the partial pressure
of CO,. The results for AX002 of the different amines differ strongly, however, most
of the curves in Figure 7 show a distinct bulge. For MEA this bulge is at lower partial
pressure of CO, than for the EvAs. For EvA24, EvA36, and MDEA /PZ, only a faint

bulge is observed.

The results for AXCOQ for the different amines follow the same trend as observed for the
equilibrium COy-loadings (cf. Section 3.2.4): EvAs that do not contain oxygen atoms
show higher A)Z'co2 than EvAs that contain oxygen atoms. MEA shows high AXco )
only in the lower partial pressure range, MDEA /PZ only in the upper partial pressure
range. The AXC% of the reference amines are surpassed by several of the EvAs. EvA03
shows the highest A)N(COQ. This holds for the entire range of partial pressure of CO,.
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Figure 7: Differences between the CO,-solubility isotherms at ¢ = 40 °C and ¢t = 100 °C
(cf. Figure 6) for the system (amine + H,O + CO,) with @? . = 0.4 g/g,
calculated from SolSOFT fits. : EvAs that contain oxygen atoms,
blue: EvAs that do not contain oxygen atoms, : references. Numbers
indicate the EvA-number.



3.3 Estimated energy demand from NoVa short-cut method 37

EvA25 and EvA34 have similarly high A)N(COQ, which are, however, slightly lower than
that of EvAO03, either in the lower partial pressure range (EvA25) or upper partial
pressure range (EvA34). EvA36 and EvA06 also have high AXqo, compared to most

of the other amines.

3.3 Estimated energy demand from NoVa short-cut
method

The SolSOF'T fits of the CO,-solubility isotherms from Section 3.2.6 were used as input
for a short-cut method for assessing the performance of the solvents in CO,-absorption
processes. The method that was applied for this purpose is called NoVa [35] and is an
improved version of the method of Notz et al., which is known to give good results for
amine based solvents [22, 105, 106]. The NoVa short-cut method yields estimates for
the specific energy demand and recirculation rate for a given CO,-removal task. It is
based on an equilibrium stage model in which it is assumed that both, the absorber and
the desorber, have infinite separation capacity. It is known that the method is useful
for the ranking of solvents, while the absolute numbers for a given solvent should not
be over-interpreted. The NoVa method is described in detail in [35], such that in the

present work, the focus is on its application for assessing the EvAs.

Two purification tasks were considered as scenarios for applying the NoVa method in
this work. The first scenario is inspired by natural gas purification and labeled NG here.
The second scenario is inspired by synthesis gas purification and labeled SG here. The
values of the input parameters for the two scenarios were selected based on averaged
values from literature [1, 6, 10] and are given in Table 8. They can be divided into
three sets of input parameters. The first set contains specifications that characterize
the purification scenario: the partial pressure of CO, at the inlet pég; and outlet pégst
of the absorber, the pressure in the absorber p*, and the average molar mass of the gas
that is treated M,,s. Here, different values for the partial pressure of CO, at the inlet
and outlet of the absorber were chosen to specify the removal tasks of the two scenarios.
The removal rate of the scenario NG is 99.5 %. The removal rate of the scenario SG is

99.97 %.

The second set of input parameters are process parameters that specify the general
framework of the absorption/desorption process: the pressure in the desorber pP, the
temperature of the CO,-loaded solvent at the desorber inlet tPrich the temperature
inside the desorber tP-¢an and the temperature of the desorber condenser reflux ¢P-cond,

The same values of process parameters were used in both scenarios. It follows from these
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choices that the heat recovery between the lean solvent and the CO,-loaded solvent is

assumed to be equal for all solvents in both scenarios.

The third set of input parameters are solvent parameters that characterize the physico-
chemical properties of the solvent: the liquid specific heat capacity of HyO ¢, n,0 and

of the solvent ¢,sor, the mass fraction of amine in the unloaded solvent w? the

amine’

enthalpy of evaporation of H,O Ahﬁazpo, the enthalpy of absorption of CO, Ah%bSQ in the

solvent (referenced to the mass of absorbed / desorbed CO,), and the solubility of CO,
in the solvent at absorber &é% (pco,) and desorber d802 (pco,) conditions, for which
the SolSOFT isotherms at ¢ = 40 °C and ¢t = 100 °C from Section 3.2.6 were used.

Table 8: Input parameters that were used in the NoVa short-cut method for the natural
gas (NG) and synthesis gas (SG) scenarios. The CO,-solubility was described
with the SolSOFT fits of the CO,-solubility isotherms. The symbols are ex-
plained in the text.

parameter scenario NG / SG
specifying parameters
peo. / bar 2.0/ 1.5
pest / bar 0.01 / 0.0005
p® / bar 35
My / g/mol 16
process parameters
pP / bar 2
¢Dorich /o 90
Dslean / °C 100
¢Preond /(3 2
solvent parameters
Cp,H,0 / kJ/(kgK) 4.20
cpsor, [/ kJ/(kgK) 4.05
Damine / 8/8 0.4
AR [ kI /g 2.21
AR/ ki 2

G¢o, (pco,) / g/g cf. Table B1
8o, (Pco,) / 8/8

The enthalpy of absorption of CO, Ahgbgz was not measured in this work. A workaround
to estimate the enthalpy of absorption of CO, is to use a Gibbs-Helmholtz equation
[107] with a temperature-dependent fit of the measured CO,-solubility data, e.g., the
temperature dependent version of the SolSOFT equation [35]. This workaround was
tested but turned out to only provide strongly scattering results for Ah%bSQ as only two
isotherms were measured. It was therefore assumed that Ah%bSQ is equal for all solvents.

The chosen value of Ah%}a = -2 kJ/g of absorbed CO,, represents a crude approximation
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of the enthalpy of absorption of CO, that is reported in literature for aqueous solutions
of MEA (-2 kJ/g > Ah%}gg > -2.5 kJ/g [6, 10, 48, 108]) and MDEA/PZ (-1.6 kJ/g >
Ah%‘a >-2.2 kJ/g [10, 109]). Using the Gibbs-Helmholtz approach did not improve the

accuracy of the values.

For a given ratio of the lean solvent mass flow to the rich gas mass flow L/G, the NoVa
method yields the energy demand for the removal of one gram of CO, gco,. Hence,
based on the results from NoVa, for all solvents, curves can be determined that show
the energy demand gco, as a function of the L/G ratio for the two scenarios. These
curves are shown in the upper row diagrams of Figure 8 and are divided into the same
three types of amines as in the previous sections. A detailed discussion and explanation
of the basic structure of the U-shaped curves has been given in a previous work of
our group [35]. The minimum of each curve is marked with an asterisk in Figure 8.

It is the design point with the minimal energy demand qg‘& and the optimal L/G.

scenario NG scenario SG
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Figure 8: Results from the NoVa short-cut method for the scenario NG and SG. Upper
row: estimated energy demand as a function of the liquid-to-gas ratio in the
absorber. ¥: optimal operation point. Lower row: Energy contribution in the
optimal operation point. m: solvent heating, X: stripping steam production.
The intercept of 2 kJ/gco, equals the assumed enthalpy of desorption (see
text). : EvAs that contain oxygen atoms, blue: EvAs that do not
contain oxygen atoms, : references.
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The minimal energy demand for each solvent is shown in the lower row diagrams of
Figure 8. It consists of three contributions: the energy demand for the desorption of
CO,, the energy demand for solvent heating, and the energy demand for the production
of stripping steam. The contribution for the desorption of CO, is the same for all
solvents as the same amount of CO, is desorbed and the same enthalpy of desorption
was used for all solvents (cf. Table 8). The energy demand for solvent heating and for the
production of the stripping steam, as a result of the differences in their CO,-solubility
isotherms, however, vary between the solvents. Therefore, the following discussion of

the results of the NoVa method focuses only on these two energy contributions.

The higher amount of CO, in the scenario NG leads to higher L/G ratios, compared
to the scenario SG. In general, the EvAs that do not contain oxygen atoms show lower
L/G ratios in the optimal operation point than EvAs that contain oxygen atoms. This
comes from the higher difference between the equilibrium CO,-loadings at ¢ = 40 °C
and t = 100 °C of EvAs that do not contain oxygen atoms (cf. Figure 7). Lower L/G
ratios lead to lower energy demand for solvent heating. This is particularly relevant for
purification tasks, where the amount of CO, in the inlet of the absorber is high and the

purification requirement is low.

The higher purification requirement in the scenario SG leads to a higher energy demand
for the production of stripping steam compared to the scenario NG. This amplifies the
differences between the solvents. Low CO,-solubility at ¢ = 100 °C (cf. Figure 6) and
a higher difference between the CO,-solubility isotherms at t = 40 °C and ¢t = 100 °C
(cf. Figure 7) are favorable as they reduce the energy demand for the production of
stripping steam. A comparison of the results of EvA25 and EvA34 as well as of EvA06
and EvA36 indicates that a low CO,-solubility at ¢ = 100 °C has stronger impact on
the energy demand for the production of stripping steam than the difference between
the CO,-solubility isotherms at ¢ = 40 °C and ¢ = 100 °C. This is particularly relevant

if the purification requirement is high.

All EvAs that were studied here show a significantly lower estimated energy demand
than the reference MEA in both scenarios. This result would probably remain valid if
measured enthalpies of absorption of CO, for each solvent had been used. The difference
between the estimated energy demand of the EvAs compared to that of the reference
MDEA /PZ are less significant. Here, the applied assumption of equal enthalpies of
absorption of CO,, for all solvents limits the validity of the ranking. Nevertheless, most
of the EvAs perform well. Especially EvA03 and EvA25 show favorable shapes of their
CO,-solubility isotherms which results in the lowest estimated energy demand in both
scenarios of the assessment. In the scenario SG, the estimated energy demand of EvA03
and EvA25 is about 25 % lower than that of MDEA/PZ. Besides EvA03 and EvA25,
also EvA06, EvA34 and EvA21 are interesting candidates.
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3.4 Summary of results

Some of the EvAs that were synthesized for the present work turned out to be only
poorly soluble in water and were not investigated further. No problems with foaming
occurred in the tests with the aqueous solutions of EvAs. For two of the EvAs, the
tendency for foaming was similar to that of MEA and MDEA /PZ. For all others it was
distinctly lower. The dynamic viscosities of the studied aqueous solutions of EvAs were
higher than those of corresponding solutions of MEA and MDEA /PZ. This is undesired,

but there are many EvAs with moderate viscosities that are acceptable for applications.

In several of the studied aqueous solutions of EvAs, a liquid-liquid phase split occurs
at elevated temperatures. The demixing temperatures vary strongly, depending on the
substituent of the EvA. As expected, polar groups increase the demixing temperature.
There was an ongoing discussion whether such a liquid-liquid phase split can be used in
an advantageous way in CO,-absorption processes [38-45, 110]. The system (EvA25 +
H,O + CO,) was hence studied more in detail (cf. Section 5) and it turned out that the
liquid-liquid phase split, that occurs at elevated temperature, does reduce the solubility
of CO, in the solvent. After the phase split, the organic liquid phase contains only little
CO,, so that only the aqueous phase has to be regenerated. This effect is favorable
and can most probably be used beneficial in advanced CO,-absorption processes (cf.
Section 5).

After loading the solvents with CO,, solid precipitation was observed for some of the
EvAs. This process can be very slow and it may take days until the solid forms. The
probability of solid precipitation increases with increasing mass fraction of amine in the
unloaded solvent. Solid precipitation is generally undesired. But, similar to the liquid-
liquid phase split, it has been argued that also solid precipitation could be beneficially
used in COy-absorption processes [111-113]. The basic idea is (similar to the liquid-
liquid phase split) that the occurrence of a new phase leads to a split of the CO,
between these phases and the hope is that a process can be designed in such a way as to
make use of this. EvAs could also be interesting candidates for studying CO,-absorption

processes with solid precipitation.

The solubility of CO, in the solvents is of outstanding importance for the CO,-absorption
process and was studied with a bubble cell and by head space gas chromatography
in the present screening. Two mass fractions of amine in the unloaded solvent were
investigated (w3, , = 0.05 g/g and @f , = 0.4 g/g). Generally, aqueous solutions of
EvAs that do not contain oxygen atoms showed higher equilibrium CO,-loadings than
the ones that contain oxygen atoms. This holds both for the results at ¢ = 40 °C and
t = 100 °C (absorber and desorber conditions). The EvAs that do not contain oxygen

atoms have also a higher difference between the equilibrium CO,-loadings at absorption
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and desorption conditions. Also the measured pK-values follow this trend: they are

generally higher for EvAs that do not contain oxygen atoms.

Furthermore, rates of absorption of CO, were studied in bubble cell experiments. A low
mass fraction of amine in the unloaded solvent was used in these studies to minimize
the influence of the viscosity and surface tension. The initial rates of absorption of CO,
in the aqueous solutions of EvAs that do not contain oxygen atoms are generally higher
than those for EvAs that contain oxygen atoms. This is partially related to the fact that
the EvAs that do not contain oxygen atoms also have a higher equilibrium CO,-loading
and that there is a general trend that high equilibrium CO,-loadings lead to high rates
of absorption of CO, as the potential difference that drives the absorption of CO, is
higher.

The CO,-solubility isotherms that were measured in the present work, were correlated
empirically with the SOISOFT equation, which was introduced recently by our group [35].
This information enables the application of a short-cut method for assessing solvents for
CO,-absorption. The basic method for this purpose was developed some years ago by
our group and is known to give good results for ranking solvents [22]. The method has
recently been overhauled and the new version is called NoVa [35]. One of the advantages
of NoVa is that it gives deep insight on the limitations of the absorption/desorption
process. As its predecessor, NoVa yields a curve that relates the specific energy demand
that is required for a given purification task to the ratio of the solvent flow rate and
the feed gas flow rate. From that curve, the optimal liquid-to-gas ratio for the solvent
and the minimal regeneration energy demand can be determined. The NoVa method
was applied to all EvAs for which CO,-solubility isotherms were measured, as well as
to the references MEA and MDEA /PZ. The purification tasks that were considered
were natural gas and synthesis gas purification. As expected, MEA is not an attractive
solvent for these applications, in which MDEA /PZ is often used. Several of the EvAs
outperform MDEA /PZ in this assessment. This shows the potential of the EvAs.

3.5 Conclusion

The 26 synthesized EvAs were investigated in an experimental screening. MEA and
MDEA /PZ were included in the screening as references and treated the same way as
the EvAs. Overall, the aqueous solutions of EvA02, EvA03, EvA25, and EvA34 emerge
as the most promising candidates from the screening. EvA02 was studied in a previous
work of our group [29]. Unfortunately, EvA02 shows solid precipitation even at moderate
mass fractions of amine in the unloaded solvent, which makes the solvent unattractive for

industrial CO,-absorption [29]. In contrast, EvA03 has already proven its commercial
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applicability as part of an amine blend [36], which, however, makes further results of
EvAO03 subject to confidentiality. EvA25 and EvA34 were investigated more in detail (cf.
Section 4 and Section 5). The results from these investigations are in good agreement
with those of the present section, revealing that both EvAs are highly interesting solvent

candidates for improved CO4-absorption.

This study provides also a broad basis for establishing structure-property relationships
that relate the molecule structure of the EvAs to properties of its aqueous solution that
are relevant for the CO,-absorption. Only some aspects of this have been discussed in
the present section. Many more have been elucidated after information on the chemical
speciation of 16 EvAs became available. The elucidation and quantification of the
chemical speciation in the EvAs as well as the relationships that were found between
the chemical structure and the measured properties are presented in detail in Section 6.
Based on the structure-property relationships, new advanced molecule structures for

future amine based solvents for CO,-absorption were developed (cf. Section 6).
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4 Physico-chemical properties

of the system
(EvA34 + H,O0 4 CO,)

4.1 Introduction

Aqueous solutions of EvA34 (cf. Figure 1) were found to be promising solvents for
CO,-absorption in the screening (cf. Section 3). The solvent EvA34 was, hence, studied
in more detail. The liquid density and the dynamic viscosity was studied for pure
EvA34, as well as for the systems (EvA34 + H,0) and (EvA34 + H,O + CO,). The
liquid heat capacity was studied for pure EvA34 and for the systems (EvA34 + H,0).
Furthermore, data on the vapor pressure of pure EvA34 was recorded. The pH-value
was measured for the systems (EvA34 + H,0) and (EvA34 + H,O + CO,) and the
dissociation constants of EvA34 were determined from titration curves. Moreover, data
on the solubility of CO, and data on the CO,-containing species in the liquid phase
of the system (EvA34 + H,0O + CO,) were measured. Most of the new data was
taken at temperatures between ¢t = 20 °C and ¢ = 120 °C. The mass fraction of EvA34
in the unloaded solvent in studies of the system (EvA34 + H,0O 4+ CO,) was either
WY azq = 0.1 g/g or @l ,,, = 0.4 g/g. For the system (EvA34 + H,0), the mass
fraction of EvA34 was varied between 0 g/g < @ 5, <1 g/g. The CO,-loading was up

to aco, = 6.2 mol/mol. Table 9 gives an overview of the experiments.

Table 9: Overview of the experiments with EvA34.

property w%v A34 aco, P t dz?ta
g/g mol/mol bar °C points
0.1 03-28 002-074 40-120 20
0.4 0.1-27 002-081 40-120 31
pCo, 0.1 21-62 51-73.2 40-120 22
0.4 1.2-37 15-883 40-120 29
K 0.01 0.0 amb 20-80 36
0.001-04 0.0 n.a. 25-120 36
pH 0.1 0.3-2.6 n.a. 20-100 24
0.4 0.3 -2.6 n.a. 20-100 25
N 0.1 0.2-31 n.a. 20-80 31
0.4 0.1-3.3 n.a. 20-120 56

continued on next page
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Table 9: continued from previous page

property ?I}%V A34 aco, P t dzlita
g/g mol/mol bar °C points

0.1-1.0 0.0 amb 20 - 80 105

p 0.1 09-28 amb 20 - 80 25

0.4 0.1-2.0 amb 20 - 90 59

0.1-1.0 0.0 amb 20 - 80 105

n 0.1 0.9-28 amb 20-80 25

0.4 0.1-2.0 amb 20 - 90 59

Cp 0.1-1.0 0.0 n.a. 25-75 48

p° 1.0 0.0 0.02 - 0.05 200 - 213 4

w%v As4: mass fraction of EvA34 in the unloaded solvent, dco,: CO,-loading, p: pressure, t: temperature,
pco,: partial pressure of CO,, pK: pK-value, pH: pH-value, &;: quantification of CO,-containing
species, p: density, 7: dynamic viscosity, cp: liquid heat capacity, p®: vapor pressure, amb: ambient
pressure, ™ *the pressure was not measured.

About 750 experimental data points are reported in the present section. The new data
were compared to corresponding data for the widely used reference solvents for CO,-
absorption: MEA and MDEA/PZ. The aim of this comparison was to reevaluate the
potential of EvA34 in aqueous solution for the reactive absorption of CO, in accordance

with the results of the screening (cf. Section 3).

4.2 Experimental results

4.2.1 Gas solubility

The solubility of CO, in aqueous solutions of EvA34 from head space gas chromato-
graphy and from high pressure view cell experiments are presented in Figure 9. In the
diagrams the partial pressure of CO, pco, in the system (EvA34 + H,O + CO,) at
t =40°C, t = 80 °C, and t = 120 °C with @2 ,,, = 0.1 g/g and @3 ,,, = 0.4 g/g
is shown as a function of the CO,-loading dco, and mass fraction of COy wco,. The
corresponding numerical experimental data are given in Appendix E. The partial pres-
sure of CO, from head space gas chromatography experiments were used directly in the
diagrams. The partial pressure of CO, from high pressure view cell experiments were
calculated from the measured bubble point pressure in the same way as described in a

previous work of our group [48].

The isotherms in Figure 9 show a parallel shape in most regions of both diagrams. The

isotherms for wf, ,,, = 0.4 g/g below a partial pressure of CO, of about pco, < 5 bar,
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Figure 9: CO,-solubility in the system (EvA34 + H,0 + CO,) with @9 ,,, = 0.1 g/g

and 0% ,,, = 0.4 g/g. Experimental results from the present work.
O: from head space gas chromatography, <&: from high pressure view cell.
Black: t = 40 °C, blue: t = 80 °C, 1t =120 °C.

however, differ in their shape. The isotherm at ¢t = 40 °C shows a slight convex bulge
towards higher CO,-loadings, whereas the isotherm at ¢ = 120 °C does not. The dif-
ference between the two isotherms in this pressure region increases, which is generally

beneficial for CO,-absorption processes (cf. Section 3).

4.2.2 Chemical equilibrium

4.2.2.1 pK-values

Figure 10 (left) shows an exemplary result from a titration experiment of EvA34 highly
diluted in Hy,O at ¢t = 40 °C. The measured pH-value of the titration curve and its first
derivative are shown as a function of the added volume of 1M NaOH titrant Viy naon-
The equivalent points EP1, EP2, EP3, and EP5 are taken at the turning points of the
first derivative. EP4 can not be determined directly from the first derivative. It is cal-
culated by assuming equivalent volumes of titrant between every equivalent point. The
pK-values are determined at the mean added volumes of titrant between two adjacent
equivalent points [114]. The true pK-values between EP3 and EP4, as well as between
EP4 and EP5 might differ from the values, determined with this method.

Figure 10 (right) shows the pK-values of EvA34 highly diluted in H,O, which were
extracted from the resulting curves of the titration experiments at four temperatures

between ¢t = 20 °C and ¢t = 80 °C. The corresponding numerical experimental data are
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given in Appendix E. The pK-values are designated using the amino group labeling
from Figure 1. The assignment between the pK-values and the amino groups was taken

from the considerations given in the screening (cf. Section 3.2.3).
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Figure 10: Left: Exemplary result of a titration experiment with EvA34 highly diluted
in HyO at ¢t =40 °C. black solid line: pH-value, blue solid line: first derivative
of the pH-value, : EP (equivalent point), +: pK-value.
Right: pK-values of the four amino groups of EvA34 (cf. Figure 1). Ex-
perimental results from the present work. <: a-amino group, A: J-amino
group, [I: S-amino group, < : y-amino group.

4.2.2.2 pH-value

Figure 11 shows the pH-value of the system (EvA34 + H,0) as a function of the
mass fraction of EvA34 in the unloaded solvent @9 ,,, for four temperatures between
t = 25°C and t = 120 °C. The corresponding numerical experimental data are given
in Appendix E. Compared to other solvents that are often used for CO,-absorption
6, 48, 115], the obtained pH-values of the system (EvA34 + H,0) are remarkably high.
As expected, the pH-values increase with increasing mass fraction of EvA34 and decrease

with increasing temperature.

Figure 12 shows the pH-value of the system (EvA34 + H,0 + CO,) with @R .5, =0.1g/g
and WY s, = 0.4 g/gat t =20 °C, t = 60 °C, and ¢ = 100 °C as a function of the CO,-
loading éco, and mass fraction of CO, wco,. The corresponding numerical experimental
data are given in Appendix E. The pH-value decreases almost linearly with increasing
CO,-loading except for very low loadings. The change in the pH-value as a function of

the temperature slightly decreases with increasing CO,-loading.
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Figure 11: pH-value of the system (EvA34 + H,0O). Experimental results from the
present work. &:t =25°C, A:t=40°C, 0: t =80°C, : t =120 °C.
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Figure 12: pH-value of the system (EvA34 + H,0 + CO,) with &% ,,, = 0.1 g/g and
WY a5 = 0.4 g/g. Experimental results from the present work. <:t = 20°C,
At =060°C, :t=100"°C.

4.2.2.3 Elucidation of CO,-containing species

Figure 13 shows the CO,-containing species in the system (EvA34 + H,O + CO,) that
were identified by NMR spectroscopy in the present work. The elucidation is described in
detail in Appendix D. CO, reacts with both, the - and ~-amino group of EvA34 to form
p-carbamate, y-carbamate and [-v-dicarbamate with the greek letter giving information
about the carbamate position (cf. Figure 1). Also (bi)carbonate is formed. Protonated
and unprotonated species cannot be distinguished in NMR spectra. Depending on
the pH-value, differently protonated species of the carbamates and carbonates arise.
The results from NMR experiments include all protonation-states of the corresponding

species.
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Figure 13: CO,-containing species in the system (EvA34 + H,O + CO,). Experimen-

tal results from the present work. Greek letters indicate the position of the
carbamate group corresponding to the designation in Figure 1.

4.2.2.4 Quantification of CO,-containing species

Figure 14 shows the concentrations @&; of the CO,-containing species (cf. Figure 13)
in the system (EvA34 + H,O + CO,) for @9 ,,, = 0.1 g/g and @9 _,,, = 0.4 g/g at
t = 20 °C as a function of the COy-loading aco, and mass fraction of CO, wco,. The

corresponding numerical experimental data are given in Appendix E.

The major carbamate species is y-carbamate. The concentrations of S-carbamate and
p-v-dicarbamate are low. The concentrations of S-carbamate and ~-carbamate increase
with increasing CO,-loading until they reach a maximum value which does not change
significantly upon a further increase of the CO,-loading. For @9 ,., = 0.4 g/g, this max-
imum is reached at a lower CO,-loading than for @) ,,, = 0.1 g/g. For w3 .., = 0.4 g/g,
[-v-dicarbamate is only observed at high CO,-loadings. The loading of 3--dicarbamate

as a function of the CO,-loading shows a maximum. No S-v-dicarbamate was found for

w%vA34 = 0.1 g/g.
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Figure 14: Concentration of the CO4-containing species in the system (EvA34 + H,O
+ CO,) with @9 5, = 0.1 g/g and WY ,,, = 0.4 g/g at t = 20 °C. Expe-
rimental results from the present work. A: (bi)carbonate, ©: y-carbamate,

: p-carbamate, &: f-y-dicarbamate.
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With increasing temperature, the concentration of carbamates decrease. This is demon-
strated for y-carbamate in Figure 15, where the speciation of v-carbamate &_carbamate
in the system (EvA34 + H,0 + CO,) for @Y ,,, = 0.1 g/g and wg .5, = 0.4 g/g at six
temperatures between ¢t = 20 °C and ¢ = 120 °C is shown as a function of the CO,-loading
Go, and mass fraction of COy wco,. The corresponding numerical experimental data
are given in Appendix E. The decrease of the concentration of y-carbamate with in-
creasing temperature is stronger for @9 ,,, = 0.1 g/g than for @9 ,,, = 0.4 g/g. For
WY a34 = 0.4 g/g, a significant decrease is only observable above ¢ > 80 °C. The same

observations were made for the concentrations of S-carbamate and [-vy-dicarbamate.
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Figure 15: Temperature dependence of the concentration of -carbamate in the system
(EvA34 + H,0 + CO,) with @3 A5, = 0.1 g/g and WY .5, = 0.4 g/g.
Experimental results from the present work. <: ¢t = 20 °C, A: ¢t = 40 °C,

2t =60°C, 0:t=80°C, :t=100°C. <:t =120 °C.

4.2.3 Density and dynamic viscosity

Figure 16 shows the density p and dynamic viscosity 1 of the system (EvA34 + H,0) at
seven temperatures between t = 20 °C and ¢t = 80 °C as a function of the mass fraction
of EvA34 in the unloaded solvent @9 ,,,. The corresponding numerical experimental

data are given in Appendix E.

The density of pure EvA34 is p = 907 g/cm? at ¢ = 20 °C and p = 863 g/cm? at
t = 80 °C. For H,O-rich mixtures, the density depends only weakly on the EvA34
concentration. For the lowest studied temperatures, a maximum in the density at about
WY a54 = 0.4 g/g is observable. The maximum relative increase of the density is 0.7 %
compared to pure H,O and is found for ¢ = 20 °C. It seems, that in H,O-rich mixtures,

the formation of an electrolyte system compensates the influence of the lower density
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Figure 16: Density and dynamic viscosity of the system (EvA34 + H,0O). Experimental
results from the present work. &: ¢t = 20 °C, A: ¢t =30 °C, v: t = 40 °C,
:t=50°C, :t=60°C. <:t=70°C, >:t=80"C.

of EvA34. At @} .5, > 0.4 g/g, the density decreases with increasing concentration of

EvA34 and increasing temperature.

The dynamic viscosity of pure EvA34 is between n = 63 mPa-=s at t = 20 °C and
n = 5 mPas at t = 80 °C. There is a maximum of the dynamic viscosity at about
WY az4 = 0.8 g/g. This value equals a ratio between H,O molecules and amino groups
of 1/1. The maximum values are n = 1829 mPa-s at t = 20 °C and = 13.7 mPa-s at
t = 80 °C. It can be assumed that H-bond-stabilized clusters are formed between EvA34

and H,O that cause this strong increase in the dynamic viscosity.

The dynamic viscosity is very sensitive to the mass fraction of H,O. One of the impurities
of EvA34 is H,O (cf. Section 2.1). Even though the amount of H,O as an impurity
in pure EvA34 is low (less than 0.01 g/g), it might have an influence on the measured
dynamic viscosity. This should be kept in mind when the absolute values of the dynamic
viscosity are regarded. The general interpretation and conclusions made from the results,

however, retain their validity.

Figure 17 shows the density p and dynamic viscosity 1 of the system (EvA34 + H,O +
CO,) at eight temperatures between ¢ = 20 °C and t = 90 °C with @%_,,, = 0.1 g/g and
’LZJ%VAM = 0.4 g/g as a function of the CO,-loading Gco, and mass fraction of CO, Wco,.
The corresponding numerical experimental data are given in Appendix E. The density
increases almost linearly with increasing CO,-loading. The influence of the CO,-loading
on the dynamic viscosity is small for @9 ,,, = 0.1 g/g. However, for % .., = 0.4 g/gan
increase of the dynamic viscosity is observable with increasing CO,-loading. The slope
of the increase changes at a CO,-loading of about dco, = 1.5 mol/mol. A comparison
of the results that are shown in Figure 14 and Figure 17 indicates that this change of

the slope could be related to the influence of the carbamates.
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Figure 17: Density and dynamic viscosity of the system (EvA34 + H,O 4+ CO,) with
WY asy = 0.1 g/g and WY 45, = 0.4 g/g. Experimental results from the
present work. <&:t = 20 °C, A:t =30 °C, v:t =40 °C, 0: t = 50 °C,

:t=60°C, <:t=70°C, >:t=80"°C, %:t =90 "°C.

4.2.4 Liquid heat capacity

In Figure 18 the liquid heat capacity ¢, of the system (EvA34 4+ H,0O) is presented as
a function of the mass fraction of EvA34 in the unloaded solvent @ ,,, for six tem-
peratures between t = 25 °C and ¢ = 75 °C. The corresponding numerical experimental
data are given in Appendix E. A maximum of the liquid heat capacity is observable at
about @l ,,, = 0.1 g/g. However, the increase of the heat capacity in that maximum
compared to that of water is small and does not exceed the experimental standard un-
certainty. The liquid heat capacity of pure EvA34 is between 2.05 kJ/(kg-K) at t = 25°C
and 2.25 kJ/(kg-K) at t = 75 °C.
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Figure 18: Liquid heat capacity of the system (EvA34 + H,0). Experimental results
from the present work. &: ¢t =25°C, A:t=35°C, v:t=45°C, 1: t =55°C,
:t=65°C, <:t="75°C.

4.2.5 Vapor pressure

The vapor pressure p° of pure EvA34 is about p* = 20 mbar at t = 201 °C and
p* = 50 mbar at ¢t = 213 °C. The corresponding numerical experimental data are
given in Appendix E. Due to the onset of carbonization at high temperatures, only low
pressures could be studied. Compared to other amines that are used for CO,-absorption

(6], EvA34 has a very low vapor pressure.

4.3 Comparison of EvA34 with MEA and
MDEA /PZ

A comparison of the experimental results for EvA34 with literature data for MEA and
a mixture of MDEA and PZ with a mass ratio of 7/1 (MDEA /PZ) is presented in this
section. MEA is a common primary amine and often used as a reference in studies of
solvents for CO,-absorption. Mixtures of MDEA and PZ are commonly used for the
CO,-absorption from synthesis gas and can be seen as a benchmark in that field [6, 10].
In the following comparison, pure component data and data for aqueous solutions of

amines with w? = 0.4 g/g are discussed. Two temperatures are considered: ¢ = 40 °C

amine
and ¢t = 120 °C. These conditions are chosen because of their relevance for the industrial

application.

A comparison of the pure component vapor pressure p*, as well as of the liquid heat
capacity ¢, and dynamic viscosity n of EvA34, MEA, MDEA/PZ, and its mixtures
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with H,O is shown in Table 10. The vapor pressure of EvA34 is extrapolated from the

measured data.

Table 10: Properties of EvA34, MEA, MDEA /PZ and their mixtures with H,O.

t wd

. amine FryA34 MEA MDEA /PZ
C  g/g
4 86%  3.63 [11 55 [11
o) /1 /(kgK) 40 0 3.86°  3.63 [116] 3.55 [117]
1.0 211% 278 [118] 2.35 [117]
JmPas 40 04 107  2.3[119] 3.5%
7 1.0 189° 9.6 [119] 45.1¢

p* /mbar 120 1.0  <0.02° 163.3 [120] 9.8 [120] / 162.8 [121]

t: temperature, WY, ;,.: mass fraction of amine in the unloaded solvent, c¢,: liquid heat capacity, n: dy-
namic viscosity, p*: vapor pressure, “this work, Yextrapolated from data of this work

The low vapor pressure of EvA34 compared to that of MEA and MDEA /PZ minimizes
amine losses in CO,-absorption processes. The viscosity of aqueous solutions of EvA34
is significantly higher than those of MEA and MDEA /PZ. The addition of CO, further
increases the viscosity (cf. Figure 17) [122, 123]. Higher viscosities typically have
negative influence on the mass transfer and reduce the rate of absorption [124]. The
slightly higher liquid heat capacity of aqueous solutions of EvA34 is not relevant for the

energy demand of CO,-absorption processes.

Figure 19 shows a comparison of the CO,-solubility and the chemical equilibrium of the
three considered solvents. The data for MEA and MDEA/PZ is generated from the
model of Wagner et al. [48] and Ermatchkov et al. [115], respectively. The upper row
of the diagrams shows the partial pressure of CO, pco,. The middle row shows the
amount of CO, chemically bound as carbamates in relation to the summed amounts of
CO, that is chemically bound as carbamates or carbonates; the carbamate ratio £cars.
The bottom row shows the pH-value of the solvents. The pH-values for EvA34 were
linearly inter- and extrapolated from the measured pH-values at t = 20 °C, ¢ = 60 °C, and
t =100 °C (cf. Section 4.2.2.2). All values are depicted as a function of the mass-related
CO,-loading XCOZ.

The CO,4-solubility in aqueous solutions of EvA34 and MEA at t = 40 °C is significantly
higher than in aqueous solutions of MDEA /PZ. This is beneficial since the absorption
rate increases and the amount of solvent needed for a given purification task decreases.
At low partial pressure of CO,, the high CO,-solubility is favorable to achieve low
residual amounts of CO, in the gas streams. This is important, e.g., in synthesis gas
purification, where partial pressures of CO, down to few ppm are targeted. In this
region, EvA34 fails MEA but exceeds MDEA/PZ by far. At t = 120 °C, the CO,-
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Figure 19: Comparison of the CO,-solubility (top row) carbamate ratio in the liquid

phase (middle row) and pH-value (bottom row) in aqueous solutions of
amines with w? =04 g/g. Blue: t =40 °C, :t=120"°C. & Ex-

amine

perimental results from the present work, solid lines: results generated from
a model for MEA [48] and MDEA /PZ [115].

solubility in aqueous solutions of EvA34 and MDEA /PZ is much lower than in aqueous
solutions of MEA. EvA34 and MDEA /PZ differ slightly in the higher pressure region,
where the COy-solubility in MDEA /PZ is lower than in EvA34. A low CO,-solubility
reduces the amount of stripping steam required for the regeneration as more CO, flashes
from the solvent just because of the pressure drop and temperature increase between
absorber and desorber. The reduction of stripping steam lowers the energy demand for

the regeneration of the solvent.

The ratio of CO, that is chemically bound as carbamates at ¢ = 40 °C and ¢t = 120 °C
is much higher for aqueous solutions of MEA than for aqueous solutions of EvA34 and
MDEA /PZ. At t = 40 °C, EvA34 forms more carbamates than MDEA /PZ. At t = 120 °C
the ratios of EvA34 and MDEA/PZ are similar. The formation of carbamates is faster

than the formation of carbonates [125]. Fast reactions are favorable for the absorption.
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However, the regeneration of carbamates demands more energy than the regeneration
of carbonates [8, 11, 126-128].

The pH-value in aqueous solutions of EvA34 at t = 40 °C is significantly higher than
that in aqueous solutions of MEA and MDEA /PZ. High pH-values are favorable for the
absorption as they increase the capacity of CO, of the solvent and increase the rate of
absorption of CO, (cf. Section 3). At t = 120 °C, the differences between the three
solvents are small and the pH-value is low. Low pH-values are favorable for desorption
as the equilibrium of the CO,-hydrolysis reaction is shifted towards molecular CO,,
which can more easily be desorbed than chemically bound CO, [129, 130]. Overall, the
larger difference between the pH-values at t = 40 °C and ¢ = 120 °C of EvA34, compared
to MEA and MDEA/PZ is advantageous.

For a CO,-absorption process, EvA34 combines the favorable properties of MEA and
MDEA/PZ in one molecule. EvA34 shows both, high CO,-solubility at absorption
conditions and low CO,-solubility at desorption conditions. The large difference between
the CO,-solubility of EvA34 at ¢ = 40 °C and ¢t = 120 °C compared to MEA and
MDEA /PZ allows to reduce the amount of solvent needed for a given purification task.
Furthermore, it gives the opportunity to operate EvA34 at higher equilibrium loadings
in both, absorber and desorber to reduce the amount of stripping steam needed for the
regeneration. Furthermore, the wide operation window gives flexibility for adjusting
process conditions. For example, the temperature could be increased, which would lead

to a lower viscosity and improved mass transfer kinetics.

4.4 Conclusion

Results from a comprehensive study of physico-chemical properties of the system (EvA34
+ H,O 4 CO,) are presented. CO,-solubility, chemical equilibrium, density, dynamic
viscosity, vapor pressure, and liquid heat capacity were measured. The data of the
present section confirm the conclusions made for EvA34 in the screening. A detailed
comparison to literature data for MEA and MDEA /PZ shows that aqueous solutions of
EvA34 are interesting solvents for reactive CO,-absorption processes, as EvA34 com-
bines favorable properties of MEA and MDEA /PZ in one molecule. For further evalua-
tion of this potential, pilot plant experiments and a reliable thermodynamic equilibrium
model are required. The experimental data presented in this section provide the infor-

mation to build such a model.
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5 Phase equilibria in the system

(EvA25 + H,O + CO,)

5.1 Introduction

A promising approach to reduce the energy demand of CO,-absorption processes is
the use of solvent systems that lead to solid-liquid or liquid-liquid phase split in the
process and to take advantage of the distribution of CO, between the coexisting phases.
The few available studies on using solid-liquid phase splits for improved CO,-absorption
have not yielded encouraging results [111-113]. Using liquid-liquid phase splits has been
studied more broadly [37-43, 45, 110, 131-139], and some of the results indicate that
the effect might be useful for designing CO,-absorption processes with lower energy
demand. Zhuang et al. [26] have given a review of work in this field. However, the
discussions of such processes suffer from a lack of reliable thermodynamic data on the

phase behavior of the investigated systems.

The present Section aims to fill this gap. It provides a comprehensive study of the system
(EvA25 + H,0 + CO,). EvA25 (cf. Figure 1) did not only turned out to be one of the
best-performing solvents in the screening (cf. Section 3), but also showed a liquid-liquid
phase split in a temperature range that is interesting for the design of an adapted new
CO,-absorption process. The liquid-liquid equilibrium (LLE) of the system (EvA25 +
H,0+ CO,) has a lower critical temperature above about ¢t > 60 °C. As a consequence,
a liquid-liquid phase split can be avoided at the low absorption temperatures, whereas

at the high desorption temperatures, the liquid-liquid phase split occurs.

For the investigation of the LLE in the system (EvA25 + H,O + CO,), a new analytical
apparatus was built (cf. Section 2.5). The COy-solubility (VLE) was studied the same
way as in the previous sections. Also, solid-liquid phase splits were observed in the
system, so that also the compositions and conditions, where a solid phase occurs (SLE)
were included in the study. The results of the LLE, VLE, and SLE were linked to
determine the solid-liquid-liquid-vapor equilibrium in the system (EvA25 + H,O +
CO,). This approach yields an overview of the phase behavior of the studied system,
which, in turn, is the basis for a sound discussion of benefits that could be drawn from

the formation of new phases in the design of advanced CO,-absorption processes.

In addition to the phase equilibrium measurements, some further measurements were
performed: pK-values of EvA25 highly diluted in H,O (pK), pH-values (pH) in the
system (EvA25 + H,0) and (EvA25 + H,O + CO,), chemical speciation (&;) in the
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system (EvA25 + H,0 + CO,), liquid heat capacity (c,) of pure EvA25 and in the
system (EvA25 4+ H,0), density (p) and dynamic viscosity (1) of pure EvA25 as well
as in the system (EvA25 + H,0) and (EvA25 + H,O + CO,), and vapor pressure of
pure EvA25 (p*). The focus of the present section is on the LLE, SLE, and VLE. To
keep it concise, these additional measured data is presented in Appendix C. Table 11
gives an overview of all experiments that were made for the present study. The Table
also includes the Section where the results are presented. In total, more than 750 data

points were measured.

Table 11: Overview of the detailed experiments for the system (EvA25 + H,O + CO,).

property w%v A25 aco, P t dz?ta pres‘ented
g/g mol/mol bar °C points in
SLE 0.35-1.0 0.0 -2.2 n-a. 10 - 95 115 this section
. . n-a. -1 2

LLE 0.35 0-0 09 - 130 0 this section
0.35-0.65 0.1-0.8 n.a. 65 - 120 118
0.15 0.1-2.1 0.02-1.10 40-120 29

. .03-2.1 0.02-071 40-12 2

VLE 0-35 0.03 0-02 - 0.7 0 0 8 this section
0.15 1.5-4.3 4.6 - 76.5 40 - 120 31
0.35 05-32 27-73.8 40-120 25

pK 0.01 0.0 amb 20 - 80 12 Appendix C
0.001 - 0.35 0.0 mn.a. 25 - 120 28

- n.a. -

bH 0.1 0.4-22 20 - 100 19 Appendix C
0.15 0.3-2.2 .. 20 - 100 23
0.35 01-24 n.a. 20 - 100 26
0.15 0.4-25 .a-. 20 - 100 32

Q; Appendix C
0.35 0.3-27 n.a. 20 - 100 25
0.15-1.0 0.0 amb 20 - 90 56

p 0.15 0.5-1.9 amb 20 - 60 22 Appendix C
0.35 0.2-1.9 amb 20 - 70 29

0.15-1.0 0.0 amb 20 - 90 56 Appendix C

n 0.15 0.5-1.9 amb 20 - 60 22 Appendix C
0.35 02-1.9 amb 20 - 60 29

Cp 0.1-1.0 0.0 n.a. 25 - 75 27 Appendix C

S 1.0 0.0 0.01-0.05 164 - 190 8 Appendix C

SLE: solid-liquid equilibrium (liquidus temperature), LLE: liquid-liquid equilibrium, VLE: vapor-liquid
equilibrium (CO,-solubility), @3, ,,5: mass fraction of EvA25 in the unloaded solvent of the feed solu-
tion, &co,: COq-loading, p: pressure, t: temperature, pK: pK-value, pH: pH-value, &;: quantification
of CO,-containing species, c,: liquid heat capacity, p: density, n: dynamic viscosity, p*: vapor pressure,
amb: ambient pressure, ™ *the pressure was not measured.




5.2 Experimental results 61

5.2 Experimental results

5.2.1 Solid-liquid equilibrium

Figure 20 gives an overview of the results of the measurements of the liquidus tempera-
ture in the system (EvA25 4+ H,O + CO,). The corresponding numerical experimental
data are given in Appendix E. The studied temperature range was between ¢ = 10 °C
and t = 80 °C. The following discussion refers only to this temperature range. The
composition of the individual experiments can be read from the diagram in Figure 20.
In the ternary diagrams that are used in the present section, the bottom axis shows
the binary system (EvA25 4+ H,0) with pure EvA25 on the left corner of the ternary
diagram and pure H,O on the right corner of the ternary diagram. Pure CO, would
be found in the top corner of the diagram, but is not shown as only mixtures with
comparatively low mass fractions of CO, were investigated in the present work and are
shown in the diagrams. The mass fraction of CO, can be read from the right axis of
the ternary diagram. The liquidus temperatures, which are subject to large uncertainty,
were binned in order to improve the clarity of the representation. The bins are mostly
about 5 °C to 7 °C wide, except for temperatures below ¢ = 43 °C, which were all put
into a single bin. A color code indicates the temperature. Experiments for which no
formation of solid was observed are marked by a gray square. As can be seen from Fig-
ure 20, no solids were observed in unloaded mixtures of EvA25 and H,O in the studied
temperature range. Adding CO, leads to the formation of solids for mass fractions of
EvA25 in the unloaded solvent above about @}, ,,s = 0.35 g/g. The amount of CO, that
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Figure 20: Overview of liquidus temperatures of the system (EvA25 + H,O + CO,).
Experimental results of the present work. Position of the symbols indicate
the composition. The color indicates the liquidus temperature, which is
presented in bins to get a clearer picture: &:t = 10 - 43 °C, O: t = 43 -
48°C, At =48-55°C, v:t=55-60°C, :t=60-66°C, <1:t=166-70"°C,
>:t="70-77°C, %: 77 -82°C, (0: no solid precipitation in the investigated
temperature range.
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has to be added for solid formation at a given temperature decreases with increasing
mass fraction of EvA25 in the solvent. However, with increasing mass fraction of CO,,
at constant mass fraction of EvA25 in the unloaded solvent and at a given temperature,
the solid disappears again, if the mass fraction of CO, surpasses a certain value. For
example, at a mass fraction of EvA25 in the unloaded solvent of Wy ,,s = 0.4 g/g at
about t = 50 °C, solid formation can be observed at mass fractions of CO, between
Wco, = 0.05 g/g and wWco, = 0.1 g/g, whereas at both, higher and lower mass fraction
of CO,, there is no solid.

5.2.2 Liquid-liquid equilibrium

Figure 21 shows the measured mass fraction of HyO wg,o in the two liquid phases of
the system (EvA25 + H,0) as a function of the temperature ¢ between ¢t = 69 °C and
t = 130 °C. The corresponding numerical experimental data are given in Appendix E.
A wide miscibility gap was found at high temperatures, which narrows at lower tem-
peratures and disappears in a critical point at ¢ = 68.5 + 0.5 °C. The mass fraction of
EvA25 in the aqueous phase is always lower than that of H,O in the organic phase. The
critical composition can only be estimated from the results and is expected to be at a

mass fraction of H,O of wy,0 = 0.7 + 0.05 g/g.

Figure 22 shows the results for the measured liquid-liquid equilibrium in the system
(EvA25 + H,0 + CO,) for six temperatures between ¢t = 65 °C and t = 120 °C. Error bars
that indicate the uncertainty of the measured composition are not shown for clarity but
are about twice the size of the symbols. The corresponding numerical experimental data
are given in Appendix E. In the ternary system (EvA25 + H,O + CO,), a miscibility gap
stretches out from the binary subsystem (EvA25 + H,0). In the studied composition

130 L7 T T T T T T T T T T T T T T T T T T =
120 | i
110 b ]
© 100 | ar
92 | A
[ 4]
80 | o
[
- &
70 w A
" 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
00 01 02 03 04 05 06 07 08 09 10
Wi,o0/ 9/9

Figure 21: Liquid-liquid equilibrium in the system (EvA25 + H,0O). Experimental
results from the present work. < : organic phase, A: aqueous phase.
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Figure 22: Liquid-liquid equilibria in the system (EvA25 + H,O 4+ CO,). Experi-
mental results from the present work. <: tie-lines for the ternary system
(EvA25 + H,O + CO,), - : tie-lines for the binary system (EvA25 + H,0)
(cf. Figure 21). Error bars are not depicted but are about twice the symbol
size.

range, the miscibility gap does not narrow significantly upon approaching the binary
subsystem (EvA25 + CO,) so that there is no indication of a critical point at the studied
temperatures. Solid precipitates from the organic phase, when its H,O-content is too
low (cf. Section 5.2.1). This limits the composition range that could be studied in the
present work. The liquid-liquid miscibility gap in the ternary system (EvA25 + H,O
+ CO,) gets wider with increasing temperature, which is related to the corresponding

behavior of the binary subsystem (EvA25 + H,0).

Adding CO, has a strong effect on the miscibility gap. The addition of CO, leads to a
decrease of the H,O-content in both, the organic and the aqueous phase. For EvA25-rich
homogeneous aqueous solutions of EvA25, adding even small amounts of CO,, quickly
leads to a liquid-liquid phase split. This effect is less prominent for higher temperatures,
where already the miscibility gap in the binary subsystem (EvA25 + H,0) is wide, but
is important at lower temperatures. At the lowest studied temperature (t = 65 °C),
there is no miscibility gap in the binary subsystem (EvA25 + H,0), but there is still a
miscibility gap in the ternary system (EvA25 + H,O + CO,). This demonstrates that
the liquid-liquid phase split is enhanced by CO,. Even though not visible in the diagram
for t = 65 °C in Figure 22, there must be a LLE critical point in the gap between the
last tie-line that was measured in the ternary system (EvA25 + H,O + CO,) and the
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binary subsystem (EvA25 + H,0). However, CO, only favors the phase split as long
as it is added in moderate amounts. When added in large amounts, it acts as a phase

mediator, especially if the H,O-content in the reunited homogeneous phase is high.

In the ternary LLE, the organic phase contains only small amounts of CO,, which leads
to a high partition coefficient of CO, between the aqueous and the organic phase Kco,

for all studied tie-lines, with

Wt

Co,
—ore 9
w%rSQ ( )

Keo, =

where ID%%Q is the mass fraction of CO, in the aqueous phase and w‘ggQ is the mass
fraction of CO, in the organic phase. The measured values of the partition coefficient
are in the range of 5 < Kco, < 80. Due to the low CO, content in the organic phase,
the results for Kco, are subject to large experimental uncertainties. As a result of the
widening miscibility gap, Kco, tends to increase slightly with increasing temperature

and increasing mass fraction of CO,.

5.2.3 CO,-solubility

The COy-solubility in the system (EvA25 4+ H,O + CO,) was measured at t = 40 °C,
t =80 °C, and ¢ = 120 °C and partial pressures of CO, between 0.02 bar < pco, < 80 bar.
Two series of experiments were carried out, which differ in the mass fractions of EvA25 in
the unloaded solvent: @9 ,,. = 0.15 g/g and Wy, ,,s = 0.35 g/g. The results are shown

in Figure 23. The corresponding numerical experimental data are given in Appendix E.

In Figure 23, the partial pressure of CO, pco, is shown as a function of the mole-related
COy-loading &co,, as well as of the mass fraction of CO, wco,. The CO,y-loading and
mass fraction of CO, refers to the total composition without regard to a phase split.
However, the experimental data comprise results for which the liquid is homogenous and
results for which two liquid phases coexist. The boundary that separates results with a
homogeneous liquid phase and results with two coexisting liquid phases is indicated by
triangles in Figure 23. The information needed to locate the position of the triangles
in Figure 23 was obtained by using the information on the LLE from Figure 22 and
is found from the intersection between the CO,-solubility isotherm and the aqueous
binodal of the LLE at a given temperature. A liquid-liquid phase split occurred only
for the isotherms at t = 80 °C and t = 120 °C, but not at ¢ = 40 °C, and only below a
maximal CO,-loading, which depends on both, the temperature and the mass fraction

of EvA25 in the unloaded solvent. The positions of the boundaries that are shown in



5.2 Experimental results 65

Weoz ! 9/9 Weoz 1 9/9
0.000 0.012 0.024 0.035 0.047 0.058 0.068 0.079 0.089 0.099 0.000 0.028 0.054 0.079 0.103 0.125 0.146
100----|-"'|""|""|""|""|""°J""|"'o': 100 ML N B BN BN B
= °?® o %] = 0% 7]
W(I%\/A25 =0-159/g ee ©¢e ] ngAzs =0.35 9/9 PY o 1
& ¢ ° o
& ° )
10 E 4 E 10 ® o 3
o 4 E o A4 E
o o
— o -3 <
3 8
I’ : N . -
@ o
O & o Lo -]
Q © ]
-] a < ] &
) ] o °
01k ° U 4 0.1k e o 4
-] ] ) E
o o o o®
° @ 3
001 1 1 1 1 1 1 1 1 001 1 1 1 1 1 1
00 05 10 15 20 25 30 35 40 45 0.0 0.5 1.0 1.5 2.0 25 3.0
aco, | mol/mol aco, | mol/mol

Figure 23: CO,-solubility in the system (EvA25 + H,O + CO,). Experimental results
from the present work. Black: ¢t = 40 °C, blue: t = 80 °C, 1t =120"°C.
O: head space gas chromatography, <: high pressure view cell. For the
isotherms at ¢ = 80 °C and ¢t = 120 °C, a liquid-liquid phase split occurs
at low CO,-loadings. The boundary of that region is indicated by triangles
(A), which were obtained from the information presented in Figure 22. The
CO,-loading refers to the weighed amounts from sample preparation where
the liquid phase was homogeneous.

Figure 23 coincide with visual observations, which were possible in the high pressure

experiments (cf. Section 2.7.2).

In Figure 23, in the high pressure region, where the liquid phase is always homogeneous,
all studied isotherms follow a similar trend. In the mid and low pressure regions, different
trends are found, depending on whether the liquid is homogeneous or split into two
phases. If the liquid phase is homogeneous, the resulting shape of the isotherm is
convex (the slope of the isotherm increases with increasing CO,-loading) and the CO,-
solubility is increased. However, if the liquid phase splits, the shape of the isotherm
becomes concave (the slope of the isotherm decreases with increasing CO,-loading)
and the CO,-solubility is reduced. In a two-phase liquid, the amount of CO, in the
organic phase is small and has only negligible contribution to the overall CO,-solubility.
Furthermore, the amount of EvA25 in the aqueous phase decreases compared to that
in a homogeneous liquid phase, which reduces the solubility of CO, further. As a result
of the lever rule, applied to the tie-lines (cf. Figure 22), the effect of the phase split
is stronger for @9 ,,. = 0.35 g/g than for @} ,,. = 0.15 g/g. This is in accordance
with the results from Figure 23. Very high differences between the CO,-loadings at
t =40°C and t = 120 °C are observed in the mid and lower pressure regions, especially for

WY a9s = 0.35 g/g. This is very favorable for CO,-absorption processes (cf. Section 3).
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5.3 Obtaining information for conceptual process

design from the data

The experimental data presented in the previous sections are relevant for the design
of CO,-absorption processes with aqueous solutions of EvA25 that take advantage of
the liquid-liquid phase split. For designing such processes, the LLE data and the CO,-
solubility data must be linked. Furthermore, they must be set in relation to the infor-

mation on the SLE, as the formation of solids in the process is unwanted.

Ideally, the design of reactive CO,-absorption processes should be based on a physico-
chemical model of the system. Such a model for the present system (EvA25 + H,O
+ CO,) could, e.g., be set up in the spirit of Wagner et al. [48], based on the true
speciation and accounting for physical non-idealities, e.g., using Pitzer-type equations
[140]. For modeling the system (EvA25 + H,O + CO,), this approach would have to
be extended to include the presence of a second liquid phase as well as the presence
of a solid phase. The experimental results of the present work are a good basis for
developing such a model. However, developing such a model would require information
on the nature of the solid, which is presently not known. And even if that information
was available (or the model was restricted to fluid phases), the parametrization of such a
detailed physico-chemical model would remain highly challenging. In particular, it would
require fitting a large number of parameters to different types of phase equilibrium data
as well as data on the true speciation in both liquid phases. The development of such a
physico-chemical model was outside the scope of the present work. Instead, a different
approach was taken, which is based on interpolations of the experimental data and is,
hence, much less elaborate. The interpolations were established for the liquidus lines,
the binodals and corresponding tie-lines of the LLE, and the CO,-solubility isotherms,
each as a function of composition and temperature. In a few cases, when needed for the
understanding of the phase behavior, some data were extrapolated. In the following,
the extrapolated data are explicitly mentioned. They should be interpreted only in a
qualitative manner. Details on the establishment of the inter- and extrapolations are

given in Appendix B.

The combined results for liquidus lines and binodals with corresponding tie-lines of the
LLE are depicted in Figure 24 in ternary diagrams of the system (EvA25 + H,O +
CO,). The pressure is not specified as it has only little influence on the curves that are
shown in Figure 24, but is assumed to be high enough such that no gas phase occurs in
the region of interest. In the area between the liquidus line and the binary subsystem
(EvA25 + CO,), a solid phase exists (SL). Upon increasing the temperature, somewhere
between t = 50 °C and t = 60 °C, a LLE region appears in the phase diagram as the

liquidus line retracts. This indicates that in the region where solid phases occur, also
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Figure 24: Interpolated solid-liquid-liquid equilibrium in the system (EvA25 + H,O

+ CO,).

liquidus line, blue solid lines:

binodals, blue

dashed lines: tie-lines. Gray characters indicate the phases in the different

regions: S: solid, L: liquid.

solid-liquid-liquid equilibria (SLLE) are present. Such SLLE were also observed in some

of the SLE experiments (cf. Section 5.2.1).

However, no detailed information on this

region was obtained in the present study, as the study has a different focus. The binodals
at t = 60 °C and t = 65 °C are partly extrapolated and, hence, provide only qualitative
information on the SLE and SLLE in this region. Up to a temperature of t = 68 °C,
the LLE region ends in a ternary critical point. From ¢ = 68 °C onwards, the ternary
critical point of the LLE disappears in the lower critical point of the LLE of the binary

subsystem (EvA25 + H,0).

Above that temperature, the LLE region of the ternary
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system (EvA25 + H,0O + CO,) is connected to the LLE of the binary subsystem (EvA25
+ H,0) and changes with temperature as described in Section 5.2.2.

The combined results for binodals and corresponding tie-lines of the LLE and CO,-
solubility are shown in Figure 25 in the same type of plot as shown in Figure 23.
The isotherms comprise compositions for which the liquid is homogenous (VLE) and
compositions for which two liquid phases coexist (VLLE). The line that separates these
regions was determined using the interpolation for the LLE (cf. Figure 24). At CO,-
loadings higher than those of the intersection line, the liquid phase is homogeneous
(VLE). At CO,-loadings below those of the intersection line, a liquid-liquid phase split
occurs (VLLE). For the VLLE, the compositions in the two liquid phases can be obtained
from the LLE data (cf. Figure 24).

The relation between the LLE diagram in Figure 24 and the CO,-solubility diagram in
Figure 25 is illustrated using the qualitative sketch of a ternary phase diagram of the
system (EvA25 4+ H,O + CO,) at constant temperature in Figure 26. Figure 26 serves
only for illustration and is not quantitative. The positions of the phases were chosen
only to make it well readable. In Figure 26, the binodals and two representative tie-lines

of the LLE are shown together with a line of constant solvent composition @3 ,,-. Three
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Figure 26: Qualitative illustration of the phase equilibria of the three different cases
(see text) in a ternary diagram at a constant temperature. Blue dash-
dotted line: binodals of the liquid-liquid equilibrium (LLE),

: constant solvent composition (g, .5 = const.). L: composition of the
liquid phase (L’: aqueous phase, L.”: organic phase), V: composition of the
vapor phase. O: equilibrium compositions for case 1) at p; in the VLE,
equilibrium compositions for case 2) at ps < p; at the edge of the VLLE,
equilibrium compositions for case 3) at p3 < po in the VLLE, ' different
solvent composition on the same tie-line as in case 3) at p3* = ps resulting
in the same VLLE as for case 3).

cases of phase equilibria that involve a vapor phase (V) are distinguished. They belong

to different pressures.

1) At high partial pressure of CO, (p; in Figure 26), the concentration of CO, in the
liquid is so high that no liquid-liquid phase split occurs. Hence, there is a simple VLE

at pressure p;. The liquid phase L lies on the line of constant @ , ...

2) Upon lowering the partial pressure of CO,, the concentration of CO, in the liquid
phase decreases until, at a certain pressure (ps in Figure 26), the LLE region is reached.
This point is determined by the intersection between the line of constant @ ,,. and
the LLE binodal. This construction was used to obtain the composition and pressure of

the intersection line separating the VLE and VLLE region in Figure 25.

3) Upon lowering the partial pressure of CO, further (ps in Figure 26), the concentration
of CO, in the liquid phase further decreases and the liquid splits into two coexisting
phases along the tie-lines of the LLE. The feed composition of the split continues to lie
on the line of constant @Y ,,s. The composition in the coexisting liquid phases of the

VLLE as well as the split ratio depend on the chosen pressure.

The construction shown in Figure 26 can be carried out for any mass fraction of EvA25

in the unloaded solvent. If two different mass fractions of EvA25 in the unloaded solvent
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are chosen, but the temperature and partial pressure of CO, are kept constant, then the
same VLLE is formed (p3* in Figure 26). The only difference is the split ratio between
the liquid phases. This fact enables checking the consistency of the interpolated CO,-
solubility and LLE data, which passes this test well, as shown in the Appendix B.

In all cases, the gas phase is rich in CO, and contains practically no EvA25, due to the
very low vapor pressure of EvA25 (cf. Appendix C). As the fugacity of H,O in the gas
phase does not change significantly for the three cases, the amount of H,O in the gas

phase increases with decreasing pressure.

5.4 Discussion of a CO,-absorption process with

liquid-liquid phase split

Aqueous solutions of EvA25 have performed best in the assessment with the NoVa short-
cut method [35] in the screening (cf. Section 3.3). However, in the NoVa method, only a
conventional process flow sheet is considered, and the assessment is carried out basically
by using only the CO,-solubility isotherms as presented in Figure 25. The liquid-liquid
phase split in the system (EvA25 + H,O + CO,) was, hence, only considered implic-
itly in the ranking. The question remained open, whether additional benefits can be

expected from using the liquid-liquid phase split in a suitably modified process.

Figure 27 shows a simplified scheme of such a process, which contains only the essential
units. The absorber operates at low temperature to achieve high CO,-loading and low
residue amount of CO, in the purified gas. A common absorber inlet temperature for
solvents is ¢ = 40 °C [6]. However, aqueous solutions of EvA25 show solid precipitation
in a wide part of the phase diagram at ¢ = 40 °C (cf. Figure 24). To avoid solid
precipitation in the absorber, either the mass fraction of EvA25 in the unloaded solvent
should not exceed @9 ,,- = 0.4 g/g, or, if higher mass fractions of EvA25 in the absorber

are desired, the temperature of the solvent must be increased.

The liquid phase in the absorber is homogenous, due to the low temperature and high
CO,-loading. To induce a liquid-liquid phase split in the CO,-rich solvent, two steps are
required. Firstly, the CO,-rich solvent needs to be heated up. Heating alone, however,
is in most cases not sufficient to induce a liquid-liquid phase split. High CO,-loadings
prevent the solvent from splitting into two liquid phases. Hence, secondly, the amount
of CO, in the solvent has to be reduced. Even if a phase split can be induced by simple
heating, this second step is still favorable to obtain a sufficient amount of the organic
phase. A convenient way to achieve lower CO,-loadings is flashing. Such a flash of the

CO,-rich solvent is a well-established process option in CO,y-absorption processes [6].



5.4 Discussion of a CO,-absorption process with liquid-liquid phase split 71

Gas
D CO,
Cooler Mixer
—|—
Cooler Mixer
TN
_ Evaporator
Gas & “org|
COZE>—) _ ?aq_ =
- T Flash & b
Absorber Heater Decanter Desorber

Figure 27: Simplified process scheme of a process that takes advantage of the liquid-
liquid phase split in the system (EvA25 + H,O + CO,). The units that
are not shown include pumps, valves, internal heat exchangers, etc.

Both steps can be performed in a single unit, a heated flash (Heater + Flash & Decanter
in Figure 27). The CO,-loading that is achieved in the heated flash unit depends on the
temperature and pressure and can be obtained from the CO,-absorption isotherms (cf.
Figure 25). The lower the CO,-loading, the more favorable is the split into the organic
and aqueous phase (cf. Figures 24 and Figure 26). The organic phase obtained in that
split contains almost no CO, and is recycled without being regenerated in the desorber.
Only the aqueous phase is regenerated. The amount of aqueous phase that is regenerated
can be reduced by a split stream configuration [6], in which, after the flash unit, parts of
the aqueous phase are recycled to the lower part of the absorber column without further
regeneration. An advantage of the phase split is that the amount of organic phase that
is mixed with the recycled aqueous phases from the flash and from the desorber, as well

as their inlet temperatures into the absorber can be adjusted individually.

To benefit from the opportunities of the liquid-liquid phase split, it is desirable to have a
high split ratio between the organic and the aqueous phase. To obtain high split ratios,
the following demands have to be met: I) high EvA25 concentration in the solvent, II)
high temperature in the heated flash, III) low pressure in the heated flash. However,
for each of these demands, there are counteracting factors that need to be considered.
Demand I) is in conflict with the onset of solid precipitation in the absorber as well as
with the limitation of the mass transfer in the absorber due to the increasing viscosity
of the solvent with increasing concentration of EvA25 (cf. Appendix C). The pressure
and /or temperature in the heated flash unit must be different from those in the desorber

to benefit from the process scheme in Figure 27. Demands IT) and IIT), hence, have to



72 5 Phase equilibria in the system (EvA25 4+ H,O + CO,)

be adapted in combination with the pressure and temperature in the desorber for each
purification task individually. The chosen temperatures in the heated flash unit and the
desorber have high impact on the design of the internal heat exchange of the process
(not shown in Figure 27). It should be mentioned, that in most cases there will also
be a small phase split in the desorber due to the reduced CO,-loading, compared to
the heated flash unit. Finally, demand III) is in conflict with the demand to supply
H,0O-free CO, at high pressures.

It was not in the scope of the present study to carry out a more detailed conceptual
design of the new process considering all these (and other) trade-offs. However, the
present discussion shows that the essential information needed for such a design is now
available. Such a design was up to now not possible based on thermo-physical data of

a real solvent and is a highly interesting task to be tackled in future work.

5.5 Conclusion

The investigation of the system (EvA25 + H,O + CO,) provides a wealth of thermody-
namic data for an interesting solvent for CO,-absorption. There has been a discussion
in the literature on whether a liquid-liquid phase split in CO,-loaded solvents can be
used beneficially in the CO,-absorption process design. This discussion has suffered
so far from the lack of appropriate thermodynamic data on systems that show such a
liquid-liquid phase split. The present work supplies such data. Only the most important
data for discussing concepts of how to use the phase split in adapted CO,-absorption
processes are reported in this Section: liquid-liquid equilibria, CO,-solubility data, and
liquidus lines. However, the present study provides further data in Appendix C: elu-
cidation and quantification of CO,-containing species in CO,-loaded aqueous solutions
of EvA25, which were carried out by NMR spectroscopy, pH-values of unloaded and
CO,-loaded aqueous solutions of EvA25, pK-values of EvA25 highly diluted in H,O,
density and dynamic viscosity of unloaded and CO,-loaded aqueous solutions of EvA25,
liquid heat capacity of unloaded aqueous solutions of EvA25, and vapor pressure of pure

EvA25.

The evaluation of the data shows that even without an adapted process design for using
the liquid-liquid phase split, the system (EvA25 + H,O + CO,) is highly interesting
for CO, absorption, as the phase split leads to a lowering of the overall CO,-capacity,
compared to a homogeneous solvent at desorption. Further improvements seem possible
by an adapted process design. At the low temperatures in the absorber, the solvent is
homogeneous and has a high CO,-absorption capacity. Solid formation is a potential

problem at low temperatures, but can be mitigated as shown by the results for the lig-
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uidus lines. At higher temperatures, the solvent splits into two liquid phases, an organic
phase which contains only very little amount of CO, and which does not have to be re-
generated, and an aqueous phase that can be regenerated by desorption. Furthermore,
the study revealed that an adapted process design would benefit from a high split ratio
between the organic and aqueous phase. To achieve high split ratios, a high mass frac-
tion of EvA25 in the unloaded solvent and a heated flash unit at elevated temperature

and reduced pressure, which is situated between the absorber and desorber, is required.

The information provided in the present work forms an excellent basis for developing a
sound physico-chemical model of the thermodynamic properties of the system (EvA25
+ H,0 + CO,), which could be used for a simulation-based process design. This step,
however, is very elaborate and was outside the scope of the present Section, in which
the focus was on providing the experimental data and assessing the data with regards
to potential benefits and pitfalls for a conceptual process design. As the results are
very promising, the next step would be to develop the physico-chemical model. That
model could be build on previous work [48, 115, 125], that would have to be extended
to include the liquid-liquid phase split. It would be highly interesting to tackle this task
in future work, not only to have such a model for a detailed process design, but also as
it would allow a full elucidation of the very complex and interesting phase behavior of
the studied ternary system (EvA25 + H,O + CO,), of which even the present extensive
study has only revealed some aspects. With the model, the conceptual process design
that was discussed in the present work could be evaluated and optimized. Then, the
optimized design would have to be tested in a pilot plant. From all we know, the ternary
system (EvA25 4+ H,O + CO,) is an excellent candidate to pursue on this path.
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6 Elucidation of structure-property

relationships

6.1 Introduction

The performance of CO,-absorption processes depends crucially on the amine that is
used in the aqueous solvent. Understanding the relationship between the chemical struc-
ture of the amine and the application properties of the solvent (e.g., CO,-solubility, rate
of absorption of CO,, enthalpy of absorption of CO,, and others) is therefore impor-
tant, especially when the task is to search for new solvents with superior performance.
Establishing such relationships is a challenge, as they must be based on comprehensive
studies that need to be carried out at the same conditions with many different amines
to enable a comparison. This has been tried in previous studies [57, 58, 88-91, 93, 141],
but establishing links between the chemical structure of the amine and its properties
as lead-component in the solvent has turned out to be difficult on the direct empirical
route. Therefore, in the present section, a physico-chemical route was tried out. Fig-
ure 28 illustrates the route that is followed in the present Section. The speciation in
the reactive solvents plays a key role in it. In a first step, the relationships between
the chemical structure of the amine and the speciation in unloaded and CO,-loaded
aqueous solutions of amines at relevant conditions are elucidated. In a second step, the
information on the speciation is related to the application properties of the solvent that

are relevant for the CO,-absorption process.

Determining the speciation of CO,-loaded aqueous solutions of amines means quantify-
ing the amounts of protonated /unprotonated amine, bicarbonate and carbonate, carba-
mates, alkylcarbonates, molecular CO,, and eventually other compounds. The state of
the art method for determining the speciation of CO,-loaded aqueous solutions of amines
is 1H and 13C NMR spectroscopy [60, 63, 64, 94, 108, 125, 142-152]. Other spectroscopic

i 1" step . 2"step  application
chemical speciation PP .
structure properties

CO,-containing speciesa e.g., CO,-solubility,
basicityb rate of absorption of COZb

Figure 28: Scheme of the route that is followed in the present study for establish-
ing structure-property relationships. 15¢ step: establishing relationships
between the chemical structure and the speciation. 2 step: relate the
studied speciation to measured application properties of the solvent. #from
experiments of the present section, Pfrom experiments of Section 3.
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methods, such as Infrared or Raman spectroscopy, have also been applied [153-156].
Complementary information on the protonated/unprotonated amine can be obtained
from measurements of the pK-values of the amines [66, 80, 84, 86, 87, 98, 157, 158] or
from measurements of the pH-value in unloaded and CO,-loaded aqueous solutions of

amines [159].

The EvAs are a particularly interesting class of amines for a systematic study on the
speciation, as many different EvAs have been synthesized and investigated (cf. Section 3-
5). They are ideal candidates to establish structure-property relationships that link
information of the chemical structure of the amine with their speciation in aqueous
solution. 20 of the 26 synthesized EvAs were considered. Their chemical structures are
presented in Figure 1, where they are marked with an S. EvA29/30 and EvA41 were not
considered for this study as no reliable information on the pK-values could be obtained
from the titration curves (cf. Section 3). EvA22 and EvA33 were not considered as
they contain large amounts of impurities, which would adulterate the findings of their
investigation. EvA19, which also contains large amount of impurities serves only as an

example for an aromatic structure according to findings from literature.

For 16 out of the 20 EvAs shown in Figure 1, the concentrations of CO,-containing
species was determined with 13C NMR spectroscopy. The 16 selected EvAs are marked
with an N in Figure 1. The remaining EvAs were not investigated as the corresponding
variation of the substituent would have added only little information to the study. The
concentrations were measured in CO,-loaded aqueous solutions of EvAs with a mass
fraction of EvA in the unloaded solvent of @ , = 0.1 g/g. This concentration was
chosen based on previous experience to avoid problems with solid precipitation (cf.
Section 3). COy-loading dco, and temperature ¢ were varied systematically between
0.1 mol/mol < écp, < 3 mol/mol and 20 °C < ¢ < 100 °C. All in all, more than 350
NMR experiments were carried out. The results of this NMR study are presented in
Section 6.2.

The NMR data were combined with results for the pK-values from the screening (cf.
Table 7 in Section 3) and relationships between the chemical structure of the amine
and the basicity and concentrations of CO,-containing species were established. This
corresponds to the first step of the route that is illustrated in Figure 28; its results are
presented in the Sections 6.3.2-6.3.5.

In a second step, the knowledge on the speciation was related to application properties
that are relevant for a CO,-absorption process: CO,-solubility and rate of absorption of
CO, (c.f. Figure 28). The application property data were taken from the screening as
well (cf. Section 3). From combining the information from both steps, some guidelines

for the design of new amines were derived. These are presented in Section 6.4.
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Finally, the guidelines were used for the design of new amines. Three basic structures as
well as several promising derivatives of these compounds that can be customized with
regard to the requirements of the purification task are proposed in Section 6.5. Testing

these new amines was not in the scope of the present study.

6.2 Experimental results

6.2.1 Elucidation of CO,-containing species

Five different types of CO,-containing species ¢ were observed in the investigation: pri-
mary carbamates, secondary carbamates, alkylcarbonates, (bi)carbonate, and molecular
CO,. The chemical structure of the five types of CO,-containing species are shown in
Figure 29. Protonated and unprotonated species cannot be distinguished in NMR spec-
tra. Therefore, the given concentrations of CO,-containing species include protonated
and unprotonated forms. For brevity, carbonate and bicarbonate are lumped together
and named (bi)carbonate. Any amino group stabilizes (bi)carbonate. The amino group
where the carbamate is formed is given with a Greek letter that corresponds to the

amino group labeling of Figure 1.

In the recorded '3C NMR spectra of the EvAs, the signal of molecular CO, can be
identified easily, as it is the only signal that appears at about 124 ppm. The signal of
molecular CO, shows no correlations to any of the 'H NMR signals in HMBC NMR
spectra. The signals of (bi)carbonate, carbamate and alkylcarbonate appear between
155 and 168 ppm. The signal of the carbon atom of (bi)carbonate does not show
correlations to any of the proton signals of the EvAs, whereas those of carbamate and
alkylcarbonate do. Based on these correlations, the type and position of the carbamate
or alkylcarbonate can be assigned unambiguously. Exemplary elucidations are shown in

detail in Appendix D.

None of the investigated EvAs showed carbamate formation at the a-amino group. In
contrast, it was found that all EvAs form carbamate at the g-amino group. EvA34 and
EvA36 also form carbamate at the y-amino group. EvA21, EvA27, and EvA31, which
contain hydroxy groups, form also alkylcarbonates. No dicarbamates or combinations of
a carbamate with an alkylcarbonate at a single EvA were observed in the present work,
as they only occur at higher mass fraction of amine or higher CO,-loadings (cf. Section 4
and [147, 160]). (Bi)carbonate was found in all investigated solutions. Molecular CO,
was observed at high CO,-loadings for all EvAs except for EvAO1l, EvA34, and EvA36,
where it is probably only observable at higher CO,-loadings than the ones investigated

in the present work.
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Figure 29: Chemical structures of the observed CO,-containing species. Results of the
present work.

6.2.2 Quantification of CO,-containing species

A set of data for a given EvA usually consists of quantitative NMR results for tem-
peratures between ¢ = 20 °C and ¢t = 100 °C in steps of At = 20 °C and CO,-loadings
up to the one that corresponds to an equilibrium partial pressure of CO, of about
pco, = 2 bar at t = 25 °C. This results in a range of maximal CO,-loadings of the EvAs
between dco, = 0.9 mol/mol (EvA32) and dco, = 3.1 mol/mol (EvA34). The number
of experimental data points was varied between the different EvAs, as it was adapted
pragmatically, e.g., accounting for the availability of a given EvA or an occurring liquid-

liquid phase split at elevated temperature.

For a better overview, the 16 EvAs that were investigated with NMR spectroscopy in the
present work are divided into six groups. The classification depends on the substituent
of the basic triacetoneamine ring structure of the EvAs and is as follows: the substituent
contains a primary amino group (Group A), one secondary amino group but no hydroxy
group (Group B), at least one hydroxy group (Group C), one secondary amino group
and one tertiary amino group (Group D), at least two secondary amino groups (Group
E), an ether or carboxylate group (Group F). Although some EvAs fit into more than

one group, each EvA was assigned to only one group.

The discussion of the speciation of CO,-containing species of the EvAs is done group
by group in the following Subsections 6.2.2.1 to 6.2.2.6. The results of all NMR ex-
periments are presented in diagrams that show the concentration &; of the observed
CO,-containing species ¢ = carbamates, alkylcarbonates, and molecular CO,, as a func-
tion of the CO,-loading, for which numbers for both, )N(COQ and aco,, are shown (cf.
Equation (5) and (6)). For clarity, the concentration of (bi)carbonate is not shown in the
diagrams but can be derived from the difference between the CO,-loading and the sum
of the concentrations of the CO,-containing species that are shown. The corresponding

numerical experimental data are given in Appendix E.
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6.2.2.1 Group A: substituent contains a primary amino group

Group A consists only of EvAO1, as this is the only EvA with a primary amino group.
The observed CO,-containing species are [-carbamate and (bi)carbonate. The con-
centration of f-carbamate is presented in Figure 30. At ¢t = 20 °C, up to a CO,-
loading of about XCOQ = 0.3 g/g, more CO, is chemically bound as f-carbamate than
as (bi)carbonate. At higher CO,-loading, (bi)carbonate dominates. The concentra-
tion of [-carbamate as a function of the CO,-loading shows a maximum, which is
&; = 0.7 mol/mol at ¢t = 20 °C. With increasing temperature, the maximum decreases

and shifts towards lower CO,-loadings.
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Figure 30: Group A: speciation in CO,-loaded aqueous solutions of EvA(0l. Re-
sults from NMR experiments of the present work. <&: [-carbamate,
black: t = 20 °C, blue: t = 40 °C, .t = 60 °C, :t = 80 °C,

:t =100 °C. Lines are guides to the eye.

6.2.2.2 Group B: substituent contains one secondary amino group

EvA02, EvA0O4, and EvAO05 form Group B in which the substituents are alkane amines
with one secondary amino group. The observed CO,-containing species are -carbamate,
(bi)carbonate, and molecular CO,. The concentration of -carbamate and molecular
CO, of the three EvAs are shown in Figure 31. They form very low concentrations
of f-carbamate, which are all below about &; = 0.03 mol/mol. Almost all CO, is
chemically bound as (bi)carbonate. With increasing temperature, the concentration of
B-carbamate decreases. Small amounts of molecular CO, are observed at high CO,-

loading. The concentration of molecular CO, increases with increasing temperature.
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Figure 31: Group B: speciation in CO,-loaded aqueous solutions of EvA02, EvA04,
and EvA05. Results from NMR experiments of the present work. <: (-
carbamate, v: molecular CO,, black: ¢ = 20 °C, blue: t = 40 °C,

1t =60 °C, :t = 80 °C. Lines are guides to the eye.

6.2.2.3 Group C: substituent contains at least one hydroxy group

EvA21, EvA27, and EvA31 form Group C in which the substituents contain at least one
hydroxy group. The observed CO,-containing species are [3-carbamate, alkylcarbonate,
(bi)carbonate, and molecular CO,. The concentration of S-carbamate, alkylcarbonate,
and molecular CO, of the three EvAs are shown in Figure 32. The concentration of -
carbamate as a function of the CO,-loading shows a maximum while the concentration
of alkylcarbonate continuously increases. For EvA21, the concentration of S-carbamate
and alkylcarbonate are similar whereas for EvA27 and EvA31, the concentration of -
carbamate is higher than that of alkylcarbonate. Molecular CO, was observed at high
CO,-loadings for all three EvAs. The concentration of S-carbamate and alkylcarbonate

decreases with increasing temperature, that of molecular CO, increases.

6.2.2.4 Group D: substituent contains one secondary and one tertiary

amino group

EvA03, EvA07, EvA24, EvA25, and EvA26 form Group D, in which the substituents
contain one secondary amino group and one tertiary amino group. The observed CO,-
containing species are (-carbamate, (bi)carbonate, and molecular CO,. The concen-
tration of -carbamate and molecular CO, of the five EvAs are shown in Figure 33.
For EvA0O3 and EvA25, the concentration of f-carbamate as a function of the CO,-

loading shows a maximum, which is about &; = 0.2 mol/mol. For EvA07, EvA24, and
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EvA26 the concentration of S-carbamate continuously increases with increasing CO,-
loading. The maximum concentration of S-carbamate is &; = 0.3 mol/mol for EvA07,
&; = 0.06 mol/mol for EvA24, and &; = 0.53 mol/mol for EvA26. Molecular CO,
was observed at high CO,-loadings, for all EvAs of this group. The concentration of

p-carbamate decreases with increasing temperature, that of molecular CO, increases.
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Figure 32: Group C: speciation in CO,-loaded aqueous solutions of EvA21, EvA27,
and EvA31. Results from NMR experiments of the present work. <:
pB-carbamate, A: alkylcarbonate, v: molecular CO,, black: ¢ = 20 °C,
blue: t = 40 °C, -t =60 °C, -t =80 °C, :t =100 °C. Lines
are guides to the eye.

6.2.2.5 Group E: substituent contains at least two secondary amino groups

EvA34 and EvA36 form Group E, in which the substituents contain at least two
secondary amino groups. The observed CO,-containing species are [-carbamate, 7-
carbamate, and (bi)carbonate. The concentration of -carbamate and ~y-carbamate of
the two EvAs are shown in Figure 34. The concentration of y-carbamate of EvA34 is
up to &; = 0.8 mol/mol at ¢ = 20 °C. This is the highest carbamate concentration of all
EvAs in the investigation. The concentration of y-carbamate increases with increasing
CO,-loading until it reaches a maximum where the concentration does not change signi-
ficantly upon a further increase of the CO,-loading. Only small amounts of g-carbamate
of around &; = 0.07 mol/mol are observed for EvA34. For EvA36, the concentration
of B-carbamate and ~-carbamate show a maximum as a function of the CO,-loading,
which is &; = 0.46 mol/mol for y-carbamate and &; = 0.15 mol/mol for S-carbamate

at ¢ = 20 °C. The maximum of y-carbamate is found at lower CO,-loadings than that
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of [-carbamate. For both EvAs of Group E, the concentration of f-carbamate and

~v-carbamate decreases with increasing temperature.
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Figure 33: Group D: speciation in CO,-loaded aqueous solutions of EvA03, EvAQ7,
EvA24, EvA25, and EvA26. Results from NMR experiments of the present

work. &: [-carbamate, v: molecular CO,, black: t = 20 °C, blue: t =40 °C,
1t =60 °C, :t =80 °C,

:t = 100 °C. Lines are guides to
the eye.

6.2.2.6 Group F': substituent contains an ether group or a carboxylate
group

EvA06 and EvA32 form Group F. The substituent of EvAO6 contains an ether group,
that of EvA32 an carboxylate group. The observed CO,-containing species are [-
carbamate, (bi)carbonate, and molecular CO,. The concentration of S-carbamate and

molecular CO, of the two EvAs are shown in Figure 35. Both EvAs show particularly
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high concentrations of molecular CO,. The maximal concentration of molecular CO,
for EvA06 was &; = 0.25 mol/mol at ¢ = 80 °C, which was the highest concentration
of molecular CO, of all studied EvAs. The maximal concentration of molecular CO,
for EvA32 was &; = 0.13 mol/mol and was found at ¢ = 60 °C. For both EvAs, the
concentration of S-carbamate as a function of the CO,-loading shows a maximum at
t = 20 °C, which is about &; = 0.07 mol/mol for EvA06 and &; = 0.03 mol/mol for
EvA32. With increasing temperature, the concentration of S-carbamate decreases and
that of molecular CO, increases. The maximum CO,-loading of EvA32 which was ob-
tained due to the loading process (cf. Section 2.3.2) was the lowest of all EvAs. It was
below acp, < 1 mol/mol.
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Figure 34: Group E: speciation in CO,-loaded aqueous solutions of EvA34 and EvA36.
Results from NMR experiments of the present work. <: [-carbamate,

0O: vy-carbamate, black: t = 20 °C, blue: t = 40 °C, :t = 60 °C,
1t =80 °C, :t = 100 °C. Lines are guides to the eye.
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Figure 35: Group F: speciation in CO,-loaded aqueous solutions of EvA06 and EvA32.
Results from NMR experiments of the present work. <: [-carbamate,
v: molecular CO,, black: t = 20 °C, blue: t = 40 °C, :t = 60 °C,

1t =280"°C, :t = 100 °C. Lines are guides to the eye.
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6.3 Structure-property relationships

6.3.1 Overview

In this section, the first step of the route that was followed in the present work to
establish structure-property relationships is presented (cf. Figure 28). The first step was
to establish relationships between the chemical structure of the EvAs and their basicity
as well as between the chemical structure of the EvAs and their concentration of CO,-
containing species. These relationships base on the pK-values which were measured
in the screening (cf. Section 3) and the results from NMR measurements which were
presented in the previous section (cf. Section 6.2). Some of the relationships lead
to counteracting trends. This has to be taken into account when trying to verify a
given relationship by comparing different amines. Each relationship is introduced in the
following using results for an EvA in which the effect described by the relationship is

dominant.

6.3.2 Basicity: pK-value and BM-value

pK -values are valuable indicators for a comparison of the basicity of single amino groups.
However, for a quantitative comparison of the basicity of amines, especially if the amines
have different number of amino groups, the pK-values are insufficient. Therefore, a
dimensionless number that enables a quantitative comparison of the basicity of the
EvAs, independent of the number of amino groups in the EvAs, is introduced. The
dimensionless number is named BM-value (BM stands for basicity per mass) and is
calculated from Equation (10) by dividing the sum of all pK-values of a given EvA
pKEva by the molar mass of the EVA Mg,a. The BM-value at 40 °C of the investigated
EvAs are given in Table 12. Both, the BM-value and the pK-values are considered in

the following discussion.

_ > PKEva )

BM
MEVA

100 (10)

The addition of oxygen atoms to the substituents of the EvAs (EvA06, EvA09, EvA19,
EvA21, EvA24, EvA27, EvA31, EvA32) lowers the pK-values of the amino groups (cf.
Figure 1). This has already been reported in Section 3.2.3 and was found for other
classes of amines as well [86, 98, 147, 157, 158]. The decrease of the pK-values is caused
by the positive inductive effect of oxygen atoms. Further, the oxygen atoms add molar

mass to the EvAs which, in combination with the lowered pK-values, lowers the BM-
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value (cf. Table 12). This leads to the fact that the eight oxygen-containing EvAs are

among the nine EvAs with the lowest BM-value in the comparison.

Table 12: BM-values of the EvAs calculated from Equation (10) with pK-values at
40 °C (cf. Section 3.2.3).

BM-value for EvAs BM-value for EvAs
that do not contain oxygen atoms | that contain oxygen atoms
EvAOl 11.5 EvA06 7.9
EvA02 8.5 EvA09 6.8
EvA03 10.6 EvAl9 6.9
EvA04 9.1 EvA21 8.1
EvA05 8.5 EvA24 8.3
EvAO07 10.1 EvA27 8.0
EvA10 8.3 EvA31l 8.5
EvAl4 9.5 EvA32 6.9
EvAl7 9.2
EvA25 9.7
EvA26 9.2
EvA34 11.2
EvA36 11.6

EvA19 contains a furane ring (cf. Figure 1). The aromatic structure lowers the basicity
and increases the molar mass such that EvA19 has one of the lowest BM-values in
the study (cf. Table 12). Similar results for other amines that contain aromatic ring

structures were reported in literature [89].

In contrast to expectations, the negative inductive effect of the carboxylate group of
EvA32 does not show an exceptional influence on the pK-value of the S-amino group
(cf. Section 3.2.3). However, the oxygen atoms and the potassium atom add much molar
mass such that the BM-value of EvA32 is one of the lowest in the study (cf. Table 12).

By replacing an ethyl group between the - and the y-amino group (EvA07 and EvA26)
with a propyl group (EvA03 and EvA25), the pK-values of both amino groups and the
BM-value increases (cf. Figure 1, Section 3.2.3, and Table 12). A decrease of the BM-
value as a result of the increasing molar mass due to the addition of one CH, group
is overcompensated by an increase in the pK-values of the - and the y-amino group,
resulting from the positive inductive effect of the added group. n-Butyl groups may also

lead to higher BM-values [161] but were not investigated in this study.

The substitution of two methyl groups at the y-amino group (EvA03 and EvAQ7) by
two ethyl groups (EvA25 and EvA26) increases the pK-values of the y-amino groups
(cf. Figure 1 and Section 3.2.3), but lowers the BM-value (cf. Table 12). The increase
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of molar mass by the two added carbon atoms exceeds their positive inductive effect. A
combination of a methyl and an ethyl group might lead to higher BM-values compared

to two methyl groups but was not investigated in this study.

The addition of one methyl group at the end of the alkyl chain of isopropylamine
(EvA04) to sec-butyl amine (EvAO05) does not have a significant influence on the pK-
value of the S-amino group (cf. Figure 1 and Section 3.2.3), but lowers the BM-value as
a result of the increased molar mass (cf. Table 12). Alkyl chains of terminating ligands
with less than three carbon atoms might further increase the BM-value but were not

investigated in this study.

Tertiary amino groups in ring structures have much lower p K-values than tertiary amino
groups in chains. A good example for this effect is given by the comparison of the
pK-values of the y-amino groups of EvA24 and EvA21 (cf. Figure 1 and Section 3.2.3).
Despite the larger positive inductive effect of the morpholine group of EvA24, compared
to that of the two ethanol groups of EvA21, the pK-value of the y-amino group of EvA24
is significantly lower than that of EvA21. A further example is the lower pK-value of
the y-amino group of EvA14 compared to that of EvA03, which is also contrary to the
expected inductive effect of the surrounding alkyl groups. The same trend can be found
by comparing pK-values of other amines than the EvAs [98, 157]. It is conceivable that
the higher rigidity of a ring structure compared to that of a chain-structure causes the

observed differences in the pK-values.

The pK-values of secondary amino groups are higher than those of similar tertiary amino
groups. This is well-known in literature [157, 158, 162]. An example from the present
work is given by the comparison of the pK-values of the y-amino group of EvA36 and
EvAO03 (cf. Figure 1 and Section 3.2.3). Despite the higher positive inductive effect of
two methyl groups on the y-amino group of EvA03, compared to that of one methyl
group for EvA36, the pK-value of the y-amino group of EvAO3 is lower than that
of EvA36. Also the BM-value increases as the removal of one methyl group reduces
the molar mass while simultaneously the pK-value of the amino group increases. The
effect is enhanced if the tertiary amino group is part of a ring structure (cf. EvA06
compared to EvAQ9 in Figure 1 and Section 3.2.3). The reason for this observation
is probably the better spatial accessibility of the free electron pair of secondary amino
groups, compared to that of tertiary amino groups. The better spatial accessibility

predominates the stronger positive inductive effect of a third alkyl group.
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6.3.3 Formation of ring structures
6.3.3.1 Approach

The results of the present work indicate that carbamates and alkylcarbonates are sta-
bilized by the formation of H-bond and zwitterionic stabilized ring structures. Even
though no direct evidence for the existence of such ring structure was found, the ob-
tained results strongly indicate that they can be formed. By postulating their existence,
simple and plausible explanations for the observed results can be given that would oth-

erwise be contradictory, namely regarding the carbamate and alkylcarbonate formation.

Ring formations in aqueous solutions of amines have been postulated previously; mainly
between hydroxy- and amino groups [87, 88, 163-165], but also between carbamates and
amino groups [94]. However, to the best of the authors knowledge, the present work
is the first in which a systematic experimental study gives not only indications for the
existence of such H-bond and zwitterionic stabilized ring structures, but also provides
information on the conditions, under which they are formed and the consequences they

have on the properties of the aqueous solvent.

6.3.3.2 Carbamate and amino group

The formation of a zwitterion with a ring structure between a carbamate and an amino
group is schematically shown in Figure 36, using EvAO7 as an example. For clarity, the
reaction scheme focuses only on the steps which are directly relevant for the formation
of the zwitterion. Other information such as that on protonation states of the amino
groups that are not involved is not included. The reaction scheme starts with the com-
ponents EvA07, H,O, and CO, on the left side. Ry is the protonation of the S-amino
group as well as the formation of bicarbonate. Ry is the formation of S-carbamate and
Ry is the conversion between the CO,-containing species bicarbonate and carbamate.
These reactions are basically known [166]. Ry is the formation of the carbamate zwit-
terion. This step has, to the best of the authors knowledge, not been described before
in the literature, and is assumed to exist not only for EvAs but also for other amines.
The protonated positively charged ~-amino group orients itself towards the negatively
charged oxygen atom of the -carbamate and forms a zwitterion with a stabilizing ring
structure. The ring structure is stabilized by ionic and H-bond interactions between
the amino group and the carbamate. Due to the stabilizing effect, larger concentrations
of carbamate were found for EvAs that form a zwitterion with a ring structure, than
for those who do not. This is illustrated by the comparison of the concentrations of -
carbamate of EvA02 (cf. Figure 31) with those of EvA03, EvA07, EvA24, EvA25, and
EvA26 (cf. Figure 33). EvA02 can only form a zwitterion with the a-amino group of the
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Figure 36: Reaction scheme for the formation of a carbamate zwitterion between (-
carbamate and y-amino group in aqueous solutions of EvA, exemplarily
shown for EvAQ7. See text for description.

boat-conformation of the 2,2,6,6,tetramethylpiperidine ring. This confirmation is unsta-
ble and thus plays a minor roll in this study. The resulting concentration of S-carbamate
of EvAO02 is low. The other amines can form a zwitterion also with the y-amino group.
This ring structure is much more stable, which results in much higher concentrations of
[-carbamate. The differences between the concentrations of g-carbamate of the EvAs
that form the stable zwitterion result from the different stability of the zwitterions. Two

parameters that influence the stability of the zwitterions were found in the study.

A high pK-value of the amino group that is involved in the zwitterionic structure en-
hances the stability of the carbamate zwitterion. For instance, this can be seen from the
results for EvAO7 and EvA26 shown in Figure 33. Both EvAs form a seven-membered
zwitterionic stabilized ring (counting the carbon (#1) and the negatively charged oxy-
gen atom of the S-carbamate (#2), the S-amino group (#3), the two carbons between
the - and y-amino group (#4, #5), the y-amino group (#6), and the proton that is
attached to the protonated ~-amino group (#7)). The basicity of the y-amino group
of EvA26 is higher than that of the y-amino group of EvAO7 (cf. Figure 1 and Sec-
tion 3.2.3). This results in a higher concentration of -carbamate for EvA26 than for
EvAQ07. The same trend is observable for EvA03, EvA24, and EvA25. EvA03, EvA24,
and EvA25 form eight-membered zwitterionic stabilized rings (counting the carbon (#1)
and the negatively charged oxygen atom of the S-carbamate (#2), the S-amino group
(#3), the three carbons between the - and ~y-amino group (#4, #5, #6), the y-amino
group (#7), and the proton that is attached to the protonated y-amino group (#8)).

The concentration of S-carbamate of these EvAs decreases with decreasing pK-value of
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the y-amino group. It can be assumed that the higher p K-values of the v-amino group
leads to a higher concentration of the protonated species, which consequently leads to

higher concentrations of stabilized S-carbamate.

Zwitterions with seven-membered rings are more stable than zwitterions with eight-
membered rings. This can be seen from the results for EvA25 and EvA26 shown in
Figure 33. Even though the pK-value of the v-amino group of EvA25 is higher than
that of EvA26 (cf. Figure 1 and Section 3.2.3), the concentration of y-carbamate of
EvA25 is lower than that of EvA26. The same trend is found for EvA03 and EvAQ07
(cf. Figure 33).

6.3.3.3 Carbamate and hydroxy group

The S-carbamate of the hydroxy group containing EvA27 and EvA31 (cf. Figure 32) are
stabilized by H-bond interaction with the proton of their respective hydroxy group. This
stabilizing interaction between carbamate and hydroxy group is schematically shown in
the left part of Figure 37 and resembles the carbamate zwitterion shown in Figure 36.
The stabilizing effect can be seen from a comparison of the results of EvA31 (cf. Fig-
ure 32), with the results of EvA02 and EvA06 (cf. Figure 31 and Figure 35) as well
as with EvA03, EvA07, EvA25, and EvA26 (cf. Figure 33). The concentration of the
H-bond stabilized S-carbamate of EvA31 is significantly higher than that of EvA06 and
EvA02, which are not stabilized. However, it is also lower than that of EvA03, EvAO07,
EvA25, and EvA26, which are stabilized by a zwitterion. This indicates that the sta-
bilizing effect of the H-bond is weaker than that of the zwitterion, but strong enough
to increase the concentration of -carbamate compared to the EvAs with no stabilizing
effect.

6.3.3.4 Alkylcarbonate and amino group

Alkylcarbonates are formed between CO, and hydroxy groups at alkaline conditions.
Accordingly, alkylcarbonates were found for EvA21, EvA27, and EvA31. The alkyl-
carbonates of EvA21, EvA27, and EvA31 are additionally stabilized by a zwitterion
with a ring structure that is formed between the negatively charged alkylcarbonate and
the positively charged f-amino group for EvA27 and EvA31 and the y-amino group
for EvA21, respectively. Such an alkylcarbonate zwitterion is schematically shown in
the right part of Figure 37. Same as the carbamate zwitterion, it is stabilized by ionic
and H-bond interactions. EvA21 shows a significantly higher concentration of alkyl-
carbonate than EvA27 and EvA31. This is probably due to the higher basicity of the
interacting y-amino group of EvA21 compared to that of the S-amino group of EvA27
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and EvA31. It can be assumed that the alkylcarbonate species, that were found in CO,-
loaded aqueous solutions of mono-ethanolamine and methyl-diethanolamine in previous
works of our group [152, 160] are also stabilized by the formation of zwitterions with a
ring structure. A study of CO,-loaded aqueous solutions of ethanol proved that alkyl-
carbonates are formed also without being stabilized in a ring structure, as long as the

CO,-loaded aqueous solution is at alkaline conditions. For more details see Appendix A.

oMo 0.__O
] T )
(o) ﬁN ﬂN H,

N N
H-bond interaction alkylcarbonate
of B-carbamate zwitterion

Figure 37: Chemical structures of the stabilizing ring structures in hydroxy group-
containing EvAs, exemplarily shown for EvA31.

6.3.4 Steric hindrance

The substituents of carbon atoms that are adjacent to primary and secondary amino
groups have a strong influence on the speciation of CO,-containing species. This influ-
ence is often labeled as steric effect or steric hindrance. The influence of the differently
hindered amino groups on the speciation of CO,-containing species is discussed in the
following text. In this discussion it is refered to different degrees of steric hindrance.
These degrees are defined according to Figure 38. The degree depends on the number of
hydrogen atoms (H) that are covalently bound to carbon atoms, which are adjacent to
the amino group (R, Ry, R, in Figure 38). A distinction of the hindrance is made between
unhindered, single-hindered, double-hindered, triple-hindered, and quadruple-hindered

amino groups (cf. Figure 38).

Unhindered and single-hindered primary amino groups show high concentrations of car-
bamate [48, 60, 94, 149]. EvAO1 is the only amine in this study that contains a primary
amino group (cf. Figure 1). The S-amino group of EvAO01 is single-hindered and shows
high concentrations of f-carbamate (cf. Figure 30). The good spatial accessibility of
unhindered and single-hindered primary amino groups promotes the formation of car-

bamate.
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steric primary secondary
hindrance amine amine
NH, R R
R R#\ )vR
R R R N R
unhindered 3R=H 3R=H&3R =H
2R=H 2R|=H&3R,=H
2R =H&2R =H
single 1R=H 1R=H&3R =H
1R=H&2R =H
double OR=H 1R=H&1R =H
OR=H&3R =H
OR=H&2R =H
triple - OR=H&1R =H
quadruple - OR=H&OR =H

Figure 38: Definition of the degrees of steric hindrance used in the present work.

Unhindered secondary amino groups show high concentrations of carbamate [60, 94,
149, 167]. In the present work, EvA34 and EvA36 were the only EvAs that contain an
unhindered secondary amino group (cf. Figure 1). Both EvAs show high concentrations
of y-carbamate at the unhindered secondary y-amino group (cf. Figure 34). However,
for EvA34 and EvA36, the ~-carbamate formation is additionally promoted by the

formation of a zwitterion with a ring structure.

Increased steric hindrance lowers the stability of zwitterionic stabilized ring structures
between carbamates and protonated amino groups. This is demonstrated by the concen-
tration of EvA36 which forms two carbamate species that are stabilized by the formation
of eight-membered carbamate zitterion rings: [-carbamate and ~y-carbamate (cf. Fig-
ure 34). [-carbamate is formed at the single-hindered secondary fS-amino group and
is stabilized by the y-amino group which has a high p/-value, whereas y-carbamate is
formed at the unhindered secondary ~-amino group and is stabilized by the S-amino
group, which has a lower pK-value. Regarding only the basicity, the concentration of
p-carbamate should exceed the concentration of v-carbamate due to the more stable
zwitterionic ring structure. However, the observed concentrations show the opposite
trend (cf. Figure 34), which can be interpreted as a result of the increased hindrance of
the f-amino group compared to that of the y-amino group. For EvA34 the influences
of the steric hindrance and that of the basicity on the zwitterions are superimposed (cf.
Figure 34). The y-carbamate of EvA34 is less hindered than the §-carbamate and addi-
tionally forms a strong zwitterion with the J-amino group. Therefore, the concentration

of y-carbamate of EvA34 exceeds that of the S-carbamate by far.
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Single and double-hindered amino groups only show very low concentrations of carba-
mate if the carbamate is not stabilized by a zwitterion with a ring structure. This can
be seen from the concentration of S-carbamate of EvA02 (cf. Figure 31), which is single-
hindered, and EvA04 and EvAO05 (cf. Figure 31), which are double-hindered and which
all three are not stabilized. A difference between single-hindered and double-hindered
secondary amino groups concerning the concentration of g-carbamate was not found
in the study. If the carbamate at single hindered secondary amino groups is stabilized
by a zwitterion with a ring structure, however, high concentrations of carbamate are
observable (cf. Figure 33).

Increased steric hindrance of hydroxy groups lowers the stability of alkylcarbonate zwit-
terions and H-bond interaction stabilized carbamates in which the hydroxy group is
involved. By applying the same definition of steric hindrance of primary amines from
Figure 38 to hydroxy groups, the hydroxy group of EvA27 is defined as single-hindered,
and the hydroxy group of EvA31 is defined as unhindered (cf. Figure 1). The concentra-
tion of S-carbamate and alkylcarbonate of the unhindered EvA31 exceeds the respective
concentrations of the single-hindered EvA27 (cf. Figure 32). As the basicity and ring
size are similar, this is most likely caused by the hindrance of the interacting hydroxy
group. It is likely, that the same observations could be made for all stabilizing ring

structures, which, however, was not investigated in the study.

For none of the EvAs a formation of carbamate at the quadruple-hindered secondary
a-amino group was observed. Even though no triple-hindered secondary amino groups
were investigated in the present work, it can be assumed that also triple-hindered sec-

ondary amino groups do not form significant amounts of carbamate.

Steric hindrance influences the amount of (bi)carbonate that can be captured in the
aqueous solution of EvA. EvA02 and EvA05 have the same molar mass and similar
pK-values of all amino groups, but they differ in the hindrance of the f-amino group,
which is single-hindered for EvA02 and double-hindered for EvA05 (cf. Figure 1). Even
though they also have a similar speciation of CO,-containing species, i.e., CO, is mainly
bound as (bi)carbonate (cf. Figure 31), they reveal strong differences in the equilibrium
CO,-loadings at low temperature. This is shown in Table 13 where the equilibrium
CO,-loading Xco, of EvA02 and EvAO5 at three different conditions (C1 to C3) are
given. The conditions vary in the temperature ¢, in the mass fraction of EvA in the
unloaded solvent @, ,, and in the equilibrium partial pressure of CO, pco,. At low
temperature (C1 and C2 in Table 13), the equilibrium CO,-loading of EvA02 is much
higher than that of EvA05. As almost all CO, is bound as (bi)carbonate, this means
that single-hindered secondary amino groups enhance the solubility of (bi)carbonate in
the solvent, compared to double-hindered amino groups. It can be assumed that the

better accessibility of less hindered amino groups promotes a short-range coordination
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between (bi)carbonate and the amino group which stabilizes the (bi)carbonate. This

effect was not observed at high temperature (cf. C3 in Table 13).

Table 13: Equilibrium CO,-loadings of EvA02 and EvA05 at three selected conditions
C1, C2, and C3.

t  pco, WY A Xcoz

‘C bar g/g g/
EvA02 EvAO05
C1® 20 200 0.10 041 0.32
c2® 40 0.14 0.05  0.39 0.32
c3® 100 0.14 0.05  0.16 0.17

t: temperature with the expanded uncertainty U(t) = 1 °C, pco,: partial pressure of CO, with the
relative standard uncertainty u,(pco,) = 0.035, w%v A: mass fraction of EvA in the unloaded solvent
with the relative expanded uncertainty U, (@3, ,) = 0.001 (0.99 level of confidence), XCO2: equilibrium
CO,-loading with the relative standard uncertainty u,(Xco,) = 0.05. “results for the present section,

bresults from Section 3.

6.3.5 Ether groups

Ether groups enhance the solubility of molecular CO,. Therefore, physical solvents for
CO,-absorption often contain ether groups [6, 168]. This is in line with the findings for
the ether group containing EvAO06, for which the highest concentrations of molecular
CO, in the present study were found (cf. Figure 35). For EvA24 in contrast, where
the oxygen atom is placed in a ring, the concentration of molecular CO, is low (cf.
Figure 33). This unexpected low concentration of molecular CO, for EvA24 is probably
due to a superposition with other effects, like the differing basicity, the formation of
zwitterions with a ring structure, or the less flexible placement of the oxygen atom

inside a ring structure.

The concentration of S-carbamate of the ether group containing EvA06 (cf. Figure 35)
is higher than that of EvA02 (cf. Figure 31). A reason for this may be the lower
pK-value of the f-amino group of EvA06 compared to that of EvA02 (cf. Figure 1
and Section 3.2.3). Low pK-values are suspected to favor the formation of carbamate
[169, 170]. However, the influence of the ether group or the high concentration of
molecular CO, on the concentration of S-carbamate are superimposed for EvA06, which

complicates a final explanation of the observed higher concentration of -carbamate.
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6.4 Application properties and guidelines

In this section, the second step of the route that was followed in the present work to
establish structure-property relationships is presented (cf. Figure 28). The second step
was to link the established relationships from Section 6.3 with application properties
of the solvent, which are directly relevant for a CO,-absorption process. This includes
quantitative relationships to measured data for the equilibrium CO,-loading and rate
of absorption of CO,, which were established in the screening (cf. Section 3), as well as
general considerations regarding the mass transfer, solubility and volatility of the amine,
and energy demand of a CO,-absorption process. From this findings, some guidelines

for the design of new amines were derived.

Figure 39 (left) shows the equilibrium CO,-loading Xco, of aqueous solutions of EvAs
at t = 40 °C and t = 100 °C and Figure 39 (right) the initial rate of absorption of CO,
RA at t = 40 °C as a function of the BM-value (cf. Section 6.3.2), respectively. Both,
equilibrium CO,-loading and rate of absorption of CO,, stem from the results of the
screening in Section 3 and were measured at a mass fraction of amine in the unloaded

solvent of @Y

amine

= 0.05 g/g and a partial pressure of CO, of pco, = 140 mbar.

In average, the equilibrium CO,-loading increases with increasing BM-value. This is
observable for both temperatures. The slope however differs between the two temper-
atures, which leads to an average increase of the difference between the equilibrium
CO,-loadings at the two temperatures with increasing BM-value. Also the rate of ab-

sorption of CO, increases with increasing BM-value. The equilibrium CO,-loading can
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Figure 39: Equilibrium CO,-loading and initial rate of absorption of CO, from Sec-
tion 3 respectively, as a function of the mass-related basicity (see text in
Section 6.3.2). Numbers indicate the EvA-number. black/blue: ¢ = 40 °C,
red/ :t =100 °C, A: EvAs that contain oxygen atoms, ¢&: EvAs that
do not contain oxygen atoms, dashed lines: linear trend of all isothermal
data.
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be seen as the driving force for the absorption which is why the rate of absorption of
CO, correlates with the equilibrium CO,-loading and, hence, also with the BM-value.
For the absorption of CO,, high CO,-loading and high rate of absorption of CO, at
t = 40 °C are desired. For the desorption, a low energy demand for the regeneration of
the solvent is preferred, for which to achieve a large difference between the equilibrium
CO,-loadings at t = 40 °C and ¢t = 100 °C, low equilibrium CO,-loading at t = 100 °C,
and low enthalpy of absorption of CO, contribute in varying degrees, depending on the
purification task that is performed (cf. Section 3.3). The enthalpy of absorption of
CO, is strongly influenced by the speciation. Broadly generalized, it is small for sol-
vents where CO, is captured as molecular CO,, medium for solvents that mainly form
(bi)carbonate and high for solvents where significant concentrations of carbamate are
formed [6, 10, 82, 109, 127, 171, 172].

As expected, amines that contain carboxylate groups show low equilibrium CO,-loadings,
low differences between the equilibrium CO,-loadings, and low rates of absorption of
CO, and should be avoided in the design of good performing amines. The same was
found for aromatic structures [63, 89, 111, 112].

Oxygen atoms have a negative effect on the BM-value which is rather undesired regard-
ing equilibrium CO,-loading and rate of absorption of CO, (cf. Figure 39). Oxygen
atoms that are part of a ring structure should generally be avoided. Ether groups which
are not part of a ring structure however significantly improve the solubility of molecular
CO, in the solvent. This usually lowers the energy demand for the regeneration of the
solvent and is advantageous in purification tasks where properties of a physical solvent
are wanted, e.g., in tasks where the partial pressure of CO, in the feed gas is high and

the purification requirement is low.

The addition of hydroxy groups significantly increases the water-solubility and decreases
the volatility of the amine (cf. Section 3 and [66, 173]). Due to the lower volatility, the
molecule size of the amine can be reduced which lowers the dynamic viscosity and
enhances the mass transfer of CO,. Additionally, hydroxy groups form alkylcarbonates
which is an additional reaction pathway for the absorption of CO, that should increase
the rate of reaction of CO, compared to similar systems without that reaction [125]. If
high mass transfer and low volatility is absolutely essential in the purification task, the
addition of hydroxy groups may be considered. Otherwise hydroxy groups should be
avoided and di- or triamines should be favored as they lower the volatility due to their

molar mass without generating disadvantageous ratios between alkyl and amino groups.

The optimal distance between two amino groups is three to four carbon atoms. A
ring structure between the amino groups is advantageous as its steric influence impedes

the formation of zwitterions which reduces the equilibrium CO,-loadings and probably
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increases the enthalpy of absorption of CO,. The length of terminating alkyl ligands of

secondary amino groups should have not more than three carbon atoms.

Tertiary amino groups that are part of a ring structure should be avoided due to their
low BM-value compared to tertiary amino groups that are not part of a ring structure,
resulting in low equilibrium CO,-loading and low rate of absorption of CO,. Secondary
amino groups should be preferred over tertiary amino groups due to the increased BM-
value and enabled reaction pathway of the formation of carbamate, from which the

equilibrium CO,-loading and the rate of absorption of CO, benefits.

Unhindered secondary amino groups form stable carbamates. Stable carbamates in-
crease the CO,-solubility at low partial pressure of CO, (cf. Section 3, Section 4, and
[10, 167]), which is advantageous if the requirement for the residual amount of CO, in
the purified gas stream is very low, but increase the energy demand for the regenera-
tion of the solvent. Single-hindered secondary amino groups show stable carbamates
only if the carbamate is stabilized by a zwitterion with a ring structure. By avoiding
the stabilization, the carbamate constitutes as an intermediate (cf. Figure 36), which
is advantageous for the rate of reaction of CO,, the amount of CO, that can be cap-
tured, and the energy demand for the regeneration of the solvent. A higher degree of
steric hindrance than single hindered is disadvantageous as it reduces the amount of

bi(carbonate) that is captured.

From the investigated amino groups, single-hindered secondary amino groups emerge as
advantageous in many aspects and seem to be especially favorable to reduce the energy
demand for the regeneration without showing obvious deficiencies in other properties,
e.g., the rate of absorption of CO,. Also other amines than the EvAs that contain a
single hindered secondary amino group were evaluated positively in literature [58, 60,
89, 147, 165].

A low ratio of polar groups (hydroxy, ether, ketone, amino) to unpolar groups (hydrocar-
bons) in the molecule can cause a liquid-liquid phase split of the solvent (cf. Section 3).
The liquid-liquid phase split can reduce the solubility of CO, in the solvent, and if this
is used beneficial in an advanced CO,-absorption process design, it may lead to a reduc-
tion of the energy demand and recirculation rate of that process (cf. Section 5). The
temperature, where the liquid-liquid phase split occurs is of high importance, as the split
should be avoided at absorber conditions but be evoked at desorber conditions. The split
temperature can roughly be estimated as described in Appendix B. If a liquid-liquid
phase split is desired, primary amino groups, hydroxy groups, and carboxylate groups
should generally be avoided. Ether groups, as well as secondary and tertiary amino
groups should be used with a sufficient amount of surrounding hydrocarbon groups (cf.
Appendix B).
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6.5 Design of new amines

In this section, the structure-property relationships and guidelines from Section 6.3 and
Section 6.4 are used for the design of new amines. This is a backward run through the
steps that were taken to elucidate the structure-property relationships (cf. Figure 28),
which means that desired application properties are selected and the corresponding op-
timized chemical structure is designed. Thereby, different purification tasks lead to
different chemical structures. There is no single best design for all purification require-
ments. Nevertheless, some general rules can be applied for the design of basic structures

which can then be tailored to fit best for a given purification task.

Three of such basic structures are proposed in the present work. These amines are ab-
breviated by the acronym ADAM which stands for Advanced Designed Amines with
a consecutive capital letter, designating the structure. The chemical structure of the
ADAMs are shown in the upper part of Figure 40. Intermediates that can be used
as starting materials for the synthesis of the proposed ADAMs are commercially avail-
able (CAS No.: 71322-99-1, 1245698-19-4, 59663-72-8, 183591-49-3, 3114-70-3, 637-88-7,
3385-21-5, 504-02-9) and routes for the synthesis of the ADAMs are known [46]. All
ADAMs contain two amino groups which slightly differ in their position.

HNR, HNR, HNR,
fj @ Q
RI No o HNR,

HNR,
ADAM-A ADAM-B ADAM-C
N
NN
AN VY
R,
substituent 01
Y
AN NH AN
NH
R, Y
R,
substituent 02 substituent 03

Figure 40: Basic chemical structures of the Advanced Designed Amines (ADAMs)
and a selection of substituents. The positions marked with Ry, Ro, and R3
are intended for modifications with varying substituents (see text). AN is

where the shown substituents are covalently bound to the S-amino group
(Rg) of the ADAM.
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In the ADAMs shown in the upper part of Figure 40, R; and Ry mark the positions where
modifications are intended, and by which the application properties of the molecules can
be adjusted to the requirements of the purification task. To lower the energy demand,
R, and Ry may be methyl, ethyl, or propyl groups, as well as dimethyl-, ethyl methyl-
, diethyl-, propyl methyl-, propyl ethyl-, or n-butyl methyl-ethers. To increase the
COy-solubility at low partial pressure of CO,, R; and/or Ry may be a proton so that
the ADAMs contain primary and/or unhindered secondary amino groups. To lower the
volatility of the ADAMSs, the substituents which are shown in the lower part of Figure 40
may be added at Ry. They were also designed based on the structure-property relation-
ships of this work. The substituents or at least intermediates of them are commercially
available (CAS No.: 42042-71-7, 110-60-1, 78-93-3, 107-87-9, 278789-37-0, 1550959-11-9,
1785070-11-2, 1236121-42-8, 2167461-04-1) and the routes for their synthesis and addi-
tion to the ADAMs are known [46]. Rs is intended for further modifications. Due to
the already high molar mass, only methyl or ethyl groups should be considered as sub-
stituents here. In case that the ADAMs are insufficiently soluble in water or show too
high volatility, methanol, ethanol, propanol or n-butanol groups could also be consid-
ered for the positions Ry or Ry. To induce a liquid-liquid phase split in the temperature
range between 60 °C < t < 100 °C, according to Appendix B, in total 3 to 5 additional
hydrocarbon groups must be added to each ADAM.

6.6 Conclusion

The concentration of CO,-containing species in 16 aqueous solutions of EvAs was mea-
sured between 20 °C < ¢ < 100 °C in the present work using NMR spectroscopy. The ob-
served CO,-containing species were carbamates of primary and secondary amino groups,
alkylcarbonates, (bi)carbonate, and molecular CO,. The data on the speciation were
combined with data on the pK-values of the EvAs and relationships between their
chemical structure and the observed speciation and basicity were established. Many
of the results, that were obtained here for the EvAs can be generalized and applied
to other amines. Some relationships, that had been described previously in literature
for other amines were confirmed. Others were stated in the present work for the first
time. Regarding these new relationships, some conclusions made in literature need to

be reconsidered, e.g., in [80, 87, 90, 94, 148].

The established relationships were summarized and compared to application properties
of the solvents, which are relevant for a CO,-absorption process. From this comparison,
some general guidelines for the design of new amines were derived. These guidelines were
applied and three new basic chemical structures, called ADAMSs, as well as a selection of
substituents for the ADAMs were proposed. The ADAMs and their derivatives provide
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a modular kit for the design of tailor-made amines for a variety of purification tasks
for which, dependent on the substituent, the application properties of the amine can be
adapted to the requirements of the purification task. The new amines can be synthesized

from intermediates which are commercially available.

The next step on the pathway towards tailor-made amines would be to synthesize some
ADAMs and investigate them in a thorough manner as it was done for the EvAs. This
will show if they meet the expectations, drawn from the relationships of the present work.
Furthermore, there are still many influencing parameters which are unknown and which
need to be studied, e.g., the effect chemical groups which were not part of the present
work, or the influence of interactions between functional groups which are not part of
the same molecule [143, 149], which may lead to additional new chemical structures or
substituents of the ADAMSs. If the ADAMSs meet the expectations, still the complexity of
their synthesis, the price of the molecules, their thermal and chemical stability, toxicity
as well as further physico-chemical properties namely solid precipitation, the dynamic
viscosity of the aqueous solutions, or the vapor pressure of the ADAMs have to be
evaluated. It is worthwhile to invest this effort and to pursue on this path towards
tailor-made amines. More generally, the present work shows that understanding the
influence of the structure of an amine on the speciation of CO,-containing species is
the key step in establishing relationships between the structure and the application

properties of the aqueous solutions of amines.






7 Conclusions 101

7 Conclusions

An interesting new class of amines for reactive CO,-absorption has been studied thor-
oughly in the present thesis. The amines are derivatives of triacetoneamine that share
the triacetoneamine ring structure but differ in one substituent. The derivatives are ab-
breviated by the acronym EvA with a consecutive number that designates the derivative.
About 50 EvAs were considered for the study, from which 26 were actually synthesized
and investigated experimentally as aqueous solvents. In total, more than 2400 data

points were measured in the present work. The mass fractions of amine in the unloaded
0

amine

20°C <t <130 °C, and the partial pressures of CO, was between 0.02 bar < pco, < 100 bar,

solvent in the experiments were mostly w < 0.4 g/g, temperatures were between
which resulted in CO,-loadings of up to é&co, < 6.2 mol/mol. The investigated prop-
erties were: solubility of CO,, rate of absorption of CO,, liquid-liquid and solid-liquid
equilibrium, elucidation and quantification of CO,-containing species, pK-values, pH-
values, foaming behavior, density, dynamic viscosity, vapor pressure, and liquid heat
capacity. The aim of the study was to identify EvAs that show superior performance in
CO,-absorption processes and to understand the structure-property relationships that
are behind that superior performance. Hence, not all EvAs were investigated with the

full range of experiments.

The solvents were initially assessed in a broad experimental screening and compared
to results for two reference solvents that are widely used for CO,-absorption: aque-
ous solutions of monoethanolamine (MEA) and of a blend of methyl-diethanolamine
(MDEA) and piperazine (PZ) with a mass ratio of 7:1 (MDEA/PZ). The investigation
included qualitative assessments, e.g., foaming behavior or the occurrence of solid pre-
cipitation, as well as quantitative results, e.g., CO,-solubility and rate of absorption
of CO,, with the target to identify solvent candidates for an industrial application.
With this wide-ranging and target-oriented experimental assessment, the selection of
promising solvents was reduced down to four promising candidates, which surpassed the
performance of MEA and MDEA /PZ in many properties. The candidates were EvA02,
EvA03, EvA25, and EvA34, and were hence investigated more in detail.

EvAO02 revealed solid precipitation already at moderate mass fractions of amine in the
unloaded solvent, which made the solvent unattractive to be applied in industrial CO,-
absorption processes [29]. EvAO03 in opposite has already proven its commercial ap-
plicability as part of an amine-blend [36]. EvA25 reveals a liquid-liquid phase split at
temperatures above about ¢ > 60 °C. The detailed investigation of EvA25 revealed that
the liquid-liquid phase split leads to a lowering of the overall CO,-capacity, compared to

a homogeneous solvent, and that further improvements of the performance of the solvent
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in a CO,-absorption process seem possible, if the process design is adapted such that
the liquid-liquid phase split is used beneficially. Such adapted process design would con-
tain a heated flash unit between the absorber and desorber. Solid precipitation, which
was also found for CO,-loaded aqueous solutions of EvA25 at low temperatures and
high mass fractions of EvA25 might become an issue in the design of that new process
that had to be tackled. The data that was measured for EvA25 provide all information
that is required for this task. The next step for a detailed process design would be
to develop a sound physico-chemical model. With the model, the conceptual process
design that was discussed in the present work could be evaluated and optimized. The
detailed study of EvA34 has validated the excellent performance that was found from
the screening. EvA34 combines favorable properties of MEA and MDEA/PZ in one
molecule. The relatively high viscosity of aqueous solutions of EvA34 might become an
issue for the mass transfer in an absorber column, which, however, might be compen-
sated by higher temperature or more mass transfer area in the absorber column. For
both solvents, EvA25 and EvA34, a final evaluation can only be provided after further
investigations in a pilot plant. A special focus in the pilot plant experiments should be
given to the mass transfer and reaction kinetics, as well as to the enthalpy of absorption
of CO,. Both, mass transfer and enthalpies were investigated only indirectly in the
present studies (viscosity, rate of absorption of CO,, CO,-solubility isotherms, chemical
speciation, and pK-values), which allowed only assumptions on these properties. As the
assumptions were mostly promising, it is highly recommended to carry out pilot plant

experiments in future work.

The data was furthermore used to understand the interaction between the chemical
structure of the amine and the thereof induced concentrations of CO,-containing species
in the solvent. The concentrations of CO,-containing species were measured with NMR
spectroscopy for 16 different aqueous solutions of EvAs in a broad range of temperature
and CO,-loading. The NMR data were combined with data on the pK-values of the
EvAs and a large number of relationships between the chemical structure of the EvAs
and the observed speciation and basicity were established. The relationships were sum-
marized and compared to application properties of the solvents, which are relevant for a
CO,-absorption process. From this comparison, some general guidelines for the design
of new amines were derived. The present work shows that understanding the influence of
the structure of an amine on the concentration of CO,-containing species is the key step
in establishing relationships between the structure and the application properties of the
aqueous solutions of amines. By understanding these relationships, the development of
advanced amines can be lifted from a mainly empirical approach towards a more knowl-
edge based approach. The guidelines that were derived in the present work were then

applied and three new basic chemical structures, called ADAMSs, as well as a selection of
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substituents for the ADAMs were proposed. The ADAMs and their derivatives provide
a modular kit for the design of knowledge based tailor-made amines for a variety of
purification tasks for which, dependent on the substituent, the application properties of
the amine can be adapted to the requirements of the purification task. The new amines
can be synthesized from intermediates which are commercially available. The next step
on the pathway towards tailor-made amines would be to synthesize some ADAMs and
investigate them in a thorough manner as it was done for the EvAs. It is worthwhile to

invest this effort and to pursue on this path towards tailor-made amines.
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A Supporting Information on

measurements

A.1 Uncertainty of the gravimetric determination
of the CO,-loading

A comparison between CO,-loadings that were determined gravimetrically and those
determined from NMR spectroscopy revealed a systematic deviation. The CO,-loadings
from NMR measurements are higher than those obtained gravimetrically. It is assumed
that these systematic deviations were caused by incomplete mixing of CO, and the
solvent in the loading process. A scheme of the stainless steel cylinders that were used
for loading the solvents with CO,, is shown in Figure A1l. The cylinder is equipped with
two valves V1 and V2. V1 is connected to a riser pipe that ends 2 cm above the bottom
of the cylinder. V2 is connected to an annular gap in the upper part of the cylinder.
Aqueous amine solutions were filled into the evacuated stainless steel cylinders through
V1. V2 was used afterwards to add CO,. Before the solutions were used, they were
mixed for four hours in a rotator and then placed upright for additional 24 hours to
settle. The samples were taken through V1 by applying pressure to V2. The first 20 g

were discarded.

The comparison with the NMR spectroscopic results indicate that the mixing was in-
complete, despite the efforts. In the worst case, the aqueous solvent inside the riser
pipe would be completely unloaded. The CO,-loading of the solvent that is determined
gravimetrically would then be lower than the loading determined by NMR spectroscopy.

V1

N—"

Figure A1l: Scheme of the stainless steel cylinders used for the CO,-loading procedure.
A: aqueous amine solution, B: riser pipe, V1 and V2: valves.
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The maximum possible deviation resulting from this incomplete mixing is stated as the

expanded uncertainty with 0.99 level of confidence in this work.

A.2 Formation of alkylcarbonate in the system
(EtOH + H,0 + CO, / KHCO; )

Figure A3 shows BC{'H} inverse gated NMR spectra of three aqueous solutions of
ethanol (EtOH) at ¢ = 20 °C with mass fractions of EtOH in the unloaded solvent
of Wi oy = 0.3 g/g, respectively. Figure A3 A (first row) shows the spectrum of an
unloaded aqueous solution of EtOH, Figure A3 B (second row) shows the spectrum
of an aqueous solution of EtOH which was saturated with CO, from a CO,-cylinder
at a partial pressure of CO, of about pco, = 2 bar, and Figure A3 C (bottom row)
shows the spectrum of an aqueous solution of EtOH which was saturated with KHCOj.
The NMR spectra were recorded the same way as described in Section 2.8.3. The
signals are labeled with numbers that correspond to the carbon atoms as designated in
Figure A2. Furthermore, the pH-value of the solutions was determined with indicator
stripes. In Figure A3 A, two signals are observable (1, 2) which correspond to the
two carbon atoms of EtOH. The pH-value of the solution was between 6 < pH < 7.
In Figure A3 B, the resulting signals correspond to EtOH (1, 2) and molecular CO,
(3). The pH-value of the solution was between 4 < pH < 5. In Figure A3 C, the
observable NMR signals correspond to EtOH (1, 2), molecular CO, (3), (bi)carbonate
(4), and ethylcarbonate (5, 6, 7). The corresponding 'H-13C heteronuclear multiple
bond correlation NMR spectrum (HMBC) is given in Figure A4. The pH-value of the
solution was between 8 < pH < 9. Ethylcarbonate is the alkylcarbonate-species of EtOH.
At alkaline conditions, the alkylcarbonate is observable (cf. Figure A3 C), whereas at
acidic conditions (cf. Figure A3 B), it is not. In the present case, the alkylcarbonate is

not stabilized by a zwitterionic ring structure (cf. Section 6.3.3).

o 5 0.7 0O
1 OH —C= N
~ 0
2 3 (H)OAJ!\O' (o)
ethanol molecular CO, (bi)carbonate ethylcarbonate

Figure A2: Chemical structures of the observed CO,-containing species in the system

(EtOH + H,O + CO,) and (EtOH + H,0 + KHCO;) (cf. Figure A3).
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A: H,0 + EtOH 2 !
V4 "
162 159 126 123 66 63 60 57 54 21 18 15 12
B: H,0 + EtOH + CO, 2 1
3
162 159 126 123 66 63 60 57 54 21 18 15 12
4 CiH0+EtOH+KHCO, 2 1
7 6 5
3
1 " V4 " " "
126 123 66 63 60 57 54 21 18 15 12
5°C/ ppm

Peak numbers according to Figure A2.

RCEECE

Figure A3: BC{!H} inverse gated NMR spectra of aqueous solutions of EtOH with
WY o = 0.3 g/gat t =20°C. A:unloaded, B: loaded with CO, from a CO,-

cylinder (acid conditions), C: saturated with KHCO4 (alkaline conditions).

N J L . J LM 1
115
—_— c===>) ©e = ] 18
421
% 157 £
- 60 Q
+63 &
J123 =
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_ 1159
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, L , , . . . . - 162
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solution of EtOH

40
spectrum of an aqueous

Figure A4: HMBC NMR
WY oy = 0.3 g/g at t = 20 °C, saturated with KHCOj.

with



126 Appendix A Supporting Information on measurements

A.3 Determination of the H,0O-content in LLE
experiments with NMR spectroscopy in the
system (EvA25 + H,0 4+ CO,)

Standard 'H NMR spectroscopy was used for the quantification of the mass fraction
of H,O in LLE experiments. The experimental setup for the NMR experiments was
the same as described in Section 2.8.3. The main acquisition parameters for 'H NMR
spectroscopy were: pulse program: zgl0, flip angle: 10°, relaxation delay: 10 s, acquired
size of FID: 12k, sweep width: 22 ppm, excitation frequency offset: 8 ppm, acquisition
time: 0.7 s, and 24 scans per spectra. T} measurements (77 < 1 sec) and variations of
acquisition parameters proved the applicability of the parameters for the investigated
system. The recorded spectra were post-processed manually. The processing steps were

phase correction and polynomial baseline correction.

Figure A5 shows six 'H NMR spectra of the system (EvA25 + H,0) at different mass
fractions of EvA25 in the unloaded solvent @ ,,s. The spectra stem from weighed
samples that were used to proof the applicability of 'H NMR spectroscopy for the
determination of the mass fraction of H,O in the systems (EvA25 + H,0) and (EvA25

ngAzs =04 9/g

Weynos = 0.6 g/g Kﬁb
" 1 "
2

4 3
5"/ ppm

s/ ppm

ngAzs =0.99/g M

ngA25 =0.959/g

L

51/ ppm

5"/ ppm

5 4 3
s/ pp

2
m

Figure A5: 'H NMR spectra of the system (EvA25 + H,0O) with increasing mass frac-
tion of EvA25 in the unloaded solvent at ¢ = 20 °C. Blue line: base line,
black line: 'H NMR spectrum, : deconvoluted water peak.
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+ HyO 4 CO,). From the spectra, the mass fraction of H,O w0 was determined
by comparing the integral of the water peak (found at §'H ~ 4.6 ppm) to that of all
other peaks that belong to EvA25 (see also Appendix D.3). The mass fraction resulting
from the evaluation of the spectra was compared to the weighed amount from sample

preparation. Three observations were made in the analysis.

1) For mass fractions of EvA25 of wgya < 0.65 g/g, the peak areas can be determined by
direct integration between 0 ppm < 6 2 < 3.5 ppm (EvA25) and 3.5 ppm < ' < 6 ppm
(H,0). At these conditions, the protons of the amino groups of EvA25 are located in
the water peak and, hence, have to be subtracted from the integral of the water peak for
determining the mass fraction of H,O in the sample. The standard uncertainty resulting
from calibration for mass fractions of EvA25 wgya9s < 0.65 g/g was u(n,0) = 0.010 g/g,

which was below that of Karl-Fischer titration.

2) At mass fractions of EvA25 of wWgyaes > 0.65 g/g, the water peak overlaps with those
of EvA25, which makes direct integration an inappropriate and inaccurate method. To
tackle this issue, the water peak was fitted with a Lorentzian-Gauss-peak-combination,
which was provided by the software tool MestreNova, and which was used for processing
the phase correction and integration of the water peak. The integral resulting from
that fit was subtracted from the total integral of the spectrum to receive results for
the integral of the water peak and the peaks that belong to EvA25. This method
however was more elaborate and less accurate than Karl-Fischer titration. Hence, at
mass fractions of EvA25 of wg,a > 0.65 g/g, Karl-Fischer titration was the method of

choice for determining the mass fraction of HyO in the sample.

3) At mass fractions of EvA25 of wgya > 0.8 g/g (this is roughly when the ratio between
amino groups and H,O molecules becomes 1/1), the signals of the amino groups separate
from the water peak and shift into the signals of EvA25. This separation is no hard cut,
but proceeds with increasing mass fraction of EvA25 in the solvent. This also affects
the calculation of the resulting mass fraction of H,O and can only be quantified by two-
dimensional calibration with varying amount of EvA25 and CO,. At these compositions,
NMR spectroscopy is not an appropriate method for determining the H,O-content in

the samples.






Appendix B Supporting information on modeling 129

B Supporting information on

modeling

B.1 SolSOFT equation and parameters for
describing the CO,-absorption isothermes in
the screening

The SolSOFT equation, which was used in the screening (cf. Section 3) to describe gas

solubility data, is given in Equation (11). For more information, see [29, 35].

(11)

In Equation (11), )M(CO2 is the equilibrium CO,-loading, pco, is the partial pressure
of CO,, and Mco, and Mymine are the molar masses of CO, and the amine(mixture),
respectively. K,, K., m, and n are parameters. The parameters were determined from
a fit to the CO,-solubility data from the head space gas chromatography experiments
(cf. Table E2). The resulting parameters are given in Table Bl. The parameters for
MEA and MDEA /PZ were determined from a fit to simulation data from [48, 104]. The

mass fraction of amine in the unloaded solvent was always @? . = 0.4 g/g.

Table B1: Parameters for the SolSOFT equation (Equation (11)) for describing the
CO,-solubility in the studied aqueous solutions of amines.

solvent t/°C K, K. m n
40 450 0.004 0.8 0.58

MEA
100 1500 0.07 0.92 0.56
MDEA /P7, 40 71 0.082 0.35 0.62
100 450 2.1 0.99 0.62
EvAO3 40 0.1 0.052 0.082 0.97
100 4 1.2 0.7 0.7
EvAOG 40 93 0.032 0.17 0.63
100 80 1.15 0.9 085
EvA09 40 184 0.031 274 1.02

100 60 24 0.9 0.9

continued on next page
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Table B1: continued from previous page
solvent t/°C K, K. m n
40 2.4 0.07 0.14 0.92

EvA21
100 10 0.45 0.7 0.7
EvA24 40 3 0.019 045 0.96
100 7 0.8 0.8 0.62
EvA25 40 03 003 015 1.1
100 2.9 8 0.7 0.6
EvA29/30 40 38  0.031 044 0.96
100 6 0.6 0.7 0.5
EvA3d 40 0.003 0.094 0.095 1.09
100 1.5 0.4 0.6 0.8
EvA36 40 0.06 0.025 0.15 0.5

100 ) 0.12 047 0.75

t: temperature. K,, K., m, n: Parameters for the SolSOFT equation (cf. Equa.tion (11))

B.2 Interpolation of the VLE, LLE, and SLE data
of the system (EvA25 + H,O 4+ CO,)

The interpolation of the SLE, VLE, and LLE was performed by applying the same
procedure for all systems. First, the available isothermal experimental data was plotted
and extended by additional grid points in regions, where insufficient experimental data
was available. The position of the grid points were calculated by interpolating between
the experimental data. The grid points for the SLE (liquidus lines) and LLE (aqueous
and organic binodals and tie-lines) were interpolated in the variables mass fraction of
H,O wy,0 and mass fraction of CO, wco,. The grid points for the VLE (COy-solubility)
were interpolated in the variables partial pressure of COy pco, and CO,-loading aco,
The resulting isothermal curves were then smoothed to fit into the overall context of the
SLLVE. The resulting interpolation of the SLE is presented in Figure B1, the resulting
interpolation of the LLE is presented in Figure B2, and the resulting interpolation of
the VLE is presented in Figure B4. In Figure B3, all interpolated binodals and some
tie-lines are shown in one diagram. In few cases (the solidus line at 90 °C (cf. Figure
B1), the low pressure region of the CO,-absorption isotherms (cf. Figure B4), as well as
the binodals and tie-lines of the LLE at 65 °C and 60 °C (cf. Figure B2)) the data was
extrapolated. The extrapolated data should only be evaluated qualitatively. The data
of the grid points are given in an EXCEL-file as Supplemental Material on the web site
of its first publication [34].
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Figure B1: Interpolation of the solidus lines of the system (EvA25 + H,O + CO,).
Solid lines: interpolated solidus lines, +: grid points of the interpolation, all
other symbols: experimental results (cf. Section 5.2.1). Black: ¢t = 40 °C,
blue: t = 50 °C, :t =60 °C, grav: t = 65 °C, :t =70 °C,
orange: t = 80 °C, red: t = 90 °C.
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Figure B2: Interpolation of the liquid-liquid equilibrium of the system (EvA25 + H,O
+ CO,). Blue solid lines: interpolated binodals and tie-lines, +: grid points

of the interpolation, . experimental results (cf.
Section 5.2.2).
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Figure B3: All interpolated binodals and some tie-lines of the liquid-liquid equilibrium
of the system (EvA25 4+ H,0 + CO,). Solid lines: interpolated binodals,
dashed lines: interpolated tie-lines, +: grid points of the interpolation.

Black: t = 60 °C, dark blue: t = 65 °C, blue: t = 70 °C, 1t ="175°C,
:t=280°C, 1t =90"°C, :t =100 °C, red: t = 110 °C, dark
red: t = 120 °C.
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Figure B4: Interpolated CO,-solubility isotherms of the system (EvA25 + H,O +
CO,) for @% ,,s = 0.15 g/g and Wy .5 = 0.35 g/g. Solid lines: inter-
polated CO,-solubility isotherms, dashed line: intersection between the in-
terpolated CO,-solubility isotherm and the interpolated aqueous binodals
of the LLE, +: grid points of the interpolations, O: experimental results
(cf. Section 5.2.3). Black: t = 40 °C, dark blue: ¢t = 50 °C, blue: t = 60 °C,

:t="70"°C, 1t =80"°C, 1 =90 "°C, .t =100 °C,
red: t = 110 °C, dark red: t = 120 °C.
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B.3 Consistency test of the interpolation of the
VLE and LLE data of the system
(EvA25 + H,0 + CO,)

Figure B5 shows the results of the consistency test between the interpolated VLE and
LLE grid points. The LLE data in Figure B5 is plotted the same way as shown in Figure
B2 and B3. For orientation, also the interpolated liquidus lines (cf. Figure B1 ) are
shown in Figure B5. The VLE data was added to Figure B5 at four mass fractions of
EvA25 in the unloaded solvent (w0 4,5 = 0.00 g/g, W ro5 = 0.15 g/g, W 105 = 0.35 g/g,
and WY, xo5 = 0.40 g/g) and five partial pressures of CO, (pco, = 5 bar, pco, = 1.5 bar,
pco, = 0.5 bar, pco, = 0.14 bar, and pco, = 0.01 bar) and are shown as symbols which
are connected by lines as a guide for the eye. The VLE data do not consider a phase
split and were extracted from the diagrams in Figure B4 as well as from literature data
(32, 49].

The consistency between the VLE and LLE interpolations can only be tested in the
LLE-region between the aqueous and organic binodal in Figure B5. In this LLE-region,
different initial compositions must split into the same compositions in the aqueous and
organic phase if they have the same temperature and same partial pressure of CO,.
To pass the consistency test, the lines that connect the initial compositions of the VLE
data (yellow lines and symbols) must be congruent to the tie-lines of the LLE data (blue
dashed lines). As can be seen in Figure B5, the consistency test is passed well for the
developed interpolation of the VLE and LLE data. The compositions of the VLE data
of the consistency test are given in an EXCEL-file as supplemental material on the web
site of its first publication [34].
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Figure B5: Consistency test between the interpolation of the LLE and VLE data of

the system (EvA25 + H,O + CO,). : liquidus line, blue
solid lines: binodals, blue dashed lines: tie-lines, : isobars
of the partial pressure of CO, at v: pco, = 5 bar, <: pco, = 1.5 bar,
>: pco, = 0.5 bar, &: pco, = 0.14 bar, O: pco, = 0.01 bar. Test is passed

if within the LLE, the isobars are congruent to the tie-lines.
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B.4 Correlating the demixing temperature of EvAs

Some of the aqueous solutions of EvAs show a liquid-liquid miscibility gap with a lower
critical solution temperature (cf. Section 3). The liquid-liquid phase split lowers the
solubility of CO, in the solvent and can be used beneficial in advanced CO, absorption
process designs (cf. Section 5). The demixing temperature, where a liquid-liquid phase
split occurs, is of high importance. The demixing temperature must be high enough
to not affect the absorption of CO, but low enough to form two liquid phases below
desorber conditions such that it can be used beneficially. According to the findings
from Section 5, a good region for the demixing temperature is approximately between
60 °C <t <100 °C.

The demixing temperature correlates with the ratio of polar groups (hydroxy, ether,
ketone, amino) to unpolar groups (hydrocarbons) in the amine. As some data for
demixing temperatures of the EvAs at w3 , = 0.4 g/g are available from the screening
(cf. Section 3), a dimensionless number that characterizes the ratio of polar and unpolar
groups in the molecule is introduced. The dimensionless number is named PM-value
(PM stands for polarity per mass) and was inspired by the BM-value (basicity per mass)
that was introduced in Section 6.3.2. The PM-value is calculated from Equation (12)
by dividing the sum of factors that characterize the polar groups in an amine F; by the

molar mass of the amine M, ine.

2 Fi
M amine

PM = -100 (12)
The factors F; differ depending on the type of the polar group (e.g., hydroxy, ether, ke-
tone, amino). The more polar groups the amine contains, the higher becomes the sum
in the numerator of Equation (12) and, hence, the higher becomes also the resulting
PM-value. High PM-values mean high polarity and high demixing temperatures. The
factors F; were approximated with a least square regression of a linear correlation be-
tween the PM-values and the demixing temperatures of the EvAs, which were measured
in the screening (cf. Section 3). This linear correlation, as well as the measured demixing
temperatures tgemix as a function of the calculated PM-values are shown in Figure B6.
The F; that were calculated from the regression were F; = 10 for ¢ = secondary amino
groups, F; = 9 for ¢ = tertiary amino groups, and F; = 7 for ¢ = ether groups and furan
rings. Unfortunately, no F; could be obtained for other polar functional groups from the
study, as the EvAs that contained other polar groups either had their demixing tempe-
rature above the investigated temperature range of ¢t < 130 °C (hydroxy group, primary

amino group), or were insufficient miscible with H,O (carboxylate group, amide group).
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Figure B6: Demixing temperatures of EvAs with w3 , = 0.4 g/g as a function of the
polarity of the amine, expressed with the PM-value (see text). <: experi-
mental results from Section 3. Numbers indicate the EvA-number.

: correlation from Equation (13).

From the correlation that is shown in Figure B6, the demixing temperature tgemix can

be estimated from Equation (13). To obtain a demixing temperature in the desired
temperature range between 60 °C < ¢t < 100 °C, a PM-value between 10.5 < PM < 12

should be targeted.

taemix / °C = 23.2- PM — 178 (13)
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C Additional physico-chemical

properties of the system

(EvA25 + H,0 + CO,)

C.1 pK-values

In Figure C1 (left), the molal activity based pH-value of the titration curve of EvA25
highly diluted in H,O and its first derivative are shown as a function of the added
volume of 1M NaOH titrant Viy naon. The equivalent points EP1-4 are taken at the
turning points of the first derivative. EP3 can not be determined directly from the first
derivative. It is calculated by assuming equivalent volumes of titrant between every
equivalent point. The pK-values are determined at the mean added volumes of titrant

between two adjacent equivalent points.

Figure C1 (right) shows the results of the titration measurements. In the diagram, the
molal activity based pK-values of EvA25 highly diluted in H,O is shown as a function
of the temperature t. The corresponding numerical experimental data are given in
Appendix E. The designation of the amino groups refers to the amino group labeling of
EvA25 as described in Figure 1. The assignment of the pK-values to the amino groups
of EvA25 was taken from Section 3. The pK-values at t = 20 °C, t =40 °C, and t = 60 °C
were measured in the screening (cf. Section 3). These experiments were extended to
t = 80 °C in the present section. The experiments at the already studied temperatures,
were repeated. The results that were obtained here for t = 20 °C, ¢t = 40 °C, and ¢t = 60 °C
agree well with the previous data from Section 3. With increasing temperature, the pK-

values decrease linearly.

C.2 pH-values

Figure C2 shows the measured pH-value in the system (EvA25 + H,0) as a function
of the mass fraction of EvA25 in the unloaded solvent u?%v ags at t = 25°C, t = 40 °C,
t =80 °C, and t = 120 °C. The corresponding numerical experimental data are given in

Appendix E. Only results for samples with a homogeneous liquid phase are reported.

The pH-values of the system (EvA25 + H,0) are high compared to other solvents that
are often used for CO,-absorption [6, 48, 115], but slightly lower than those in the system
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Figure C1: Left: Exemplary result of a titration experiment with EvA25 highly diluted
in H,O at ¢t = 20 °C. Black solid line: pH-value, blue solid line: first
derivative of the pH-value, EP: equivalent point,
pK-value. Right: pK-values of the three amino groups of EvA25 (cf.
Figure 1). Experimental results from the present work. <: a-amino group,
A: ~v-amino group, : S-amino group.

(EvA34 + H,O) (cf. Section 4). As expected, the pH-value increases with increasing

mass fraction of EvA25 and decreases with increasing temperature.

Figure C3, shows the measured pH-value in the system (EvA25 + H,O + CO,) as a
function of the mole-related CO,-loading aco,, as well as of the mass fraction of CO,
Weoo, at t = 20 °C, t = 60 °C, and ¢t = 100 °C for a mass fractions of EvA25 in the
unloaded solvent of @9 ,,. = 0.10 g/g, W ,,s = 0.15 g/g, and @0 ,,- = 0.35 g/g. The
corresponding numerical experimental data are given in Appendix E. Only results for

samples with a homogeneous liquid phase are reported.

As can be seen in Figure C3, the pH-value of the solution decreases with increasing
temperature. All isotherms can be divided into three sections, which differ in the slope
of the decrease. The differences in the slopes decrease with decreasing mass fraction of
EvA25 in the unloaded solvent and are best observable for @y ,,s = 0.35 g/g. The first
section is at CO,-loadings below about d&co, < 0.25 mol/mol. The pH-value strongly
decreases with increasing CO,-loading even though only small amounts of CO, are
added. Such strong decreases were observed for other aqueous solutions of amines as
well [48]. The second section is between around 0.25 mol/mol < dco, < 1.7 mol/mol. In
this section, the pH-value decreases almost linearly with increasing CO,-loading. The
range of the pH-value of this section matches the p K -values of the a- and y-amino group
(cf. Section 3.2.3). It is most likely, that the buffering effect of the a- and y-amino group
lead to the comparably small slope in this region. In the third section, at CO,-loadings
above around d&co, > 1.7 mol/mol, the pH-value decreases more strongly and is most

likely determined by the buffering effect of the S-amino group.
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Figure C2: pH-value in the system (EvA25 + H,0).
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C.3 NMR-spectroscopic quantification of

CO,-containing species

The CO,-containing species in the system (EvA25 + H,O + CO,) for mass fractions of
EvA25 in the unloaded solvent of @9 ,,. = 0.1 g/g is given in Section 6. In this Sec-
tion, the presented NMR data is extended to mass fractions of EvA25 in the unloaded
solvent of @ ., = 0.15 g/g and WY ,,s = 0.35 g/g. The same CO,-containing species
as in Section 6 were found: carbamate formed at the S-amino group (S-carbamate),
(bi-)carbonate and molecular CO,. For more details see Appendix D. The chemical
structures of the species are shown in Figure C4. Depending on the pH-value of the
CO,-loaded aqueous solution of EvA25, differently protonated species of the carbamate
and carbonate arise which cannot be distinguished by NMR spectroscopy. The concen-
trations of the CO,-containing species given in the present work include all protonation-

states of the corresponding species.

o]
.OJ\N/\/\N/\ o
N P o=c=0
(H)o~ o
N
H
B-carbamate (bi)carbonate molecular CO,

Figure C4: Chemical structures of the CO,-containing species in CO,-loaded aqueous
solutions of EvA25. Results from the present work.

Figure C5 shows the concentration &; of S-carbamate and (bi-)carbonate as a function
of the mole-related CO,-loading aco,, as well as of the mass fraction of CO, wco, in the
system (EvA25 4+ H,O + CO,) with mass fractions of EvA25 in the unloaded solvent of
WY aos = 0.15 g/gand @l ,,. = 0.35 g/g for five temperatures between 20 °C < ¢ < 100 °C.
The corresponding numerical experimental data are given in Section E. Only results for
samples with a homogeneous liquid phase are reported. Molecular CO, is not shown
in Figure C5, as only very low concentrations (&; < 0.01 mol/mol) were found at the

investigated conditions.

Figure C5 shows that for both mass fractions of EvA25 in the unloaded solvent, the con-
centration of (bi-)carbonate is much higher than that of S-carbamate. This means that
most CO, is bound as (bi-)carbonate. The concentration of S-carbamate as a function of
the COy-loading shows a maximum. At ¢ = 20 °C and @, 05 = 0.35 g/g, that maximum

is about &; = 0.4 mol/mol and is found at a CO,-loading of about dco, = 2 mol/mol. As
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reported in Section 6, it is assumed that the S-carbamate is stabilized by a zwitterionic
ring structure. The maximum concentration of S-carbamate decreases with increasing
temperature and decreasing mass fraction of EvA25 in the unloaded solvent, but the

CO,-loading, where the maximum is found, is roughly constant.
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Figure C5: Concentration of CO,-containing species in the system (EvA25 4+ H,O
+ CO,) with @) s = 0.15 g/g and @% ,,; = 0.35 g/g. Experimental
results from the present work. A: (bi-)carbonate, <&: [-carbamate (cf.
Figure C4). Molecular CO, is not shown, as only very low concentra-
tions (&; < 0.01 mol/mol) were found. Black: ¢ = 20 °C, blue: ¢ = 40 °C,

1t =60 °C, :t =80 °C, :t =100 °C.

C.4 Density and dynamic viscosity

Figure C6 shows the measured density p and dynamic viscosity 7 of the system (EvA25
+ H,0) at eight temperatures between 20 °C < ¢ <90 °C as a function of the mass fraction
of EvA25 in the unloaded solvent &g ... The corresponding numerical experimental
data are given in Appendix E. Only results for samples with a homogeneous liquid

phase are reported.

The density of pure EvA25is p = 886 g/cm? at t = 20 °C and p = 834 g/cm? at ¢ = 90 °C.
For all temperatures, except for ¢ = 20 °C, the density of the mixture decreases with
increasing mass fraction of EvA25. For H,O-rich mixtures, the density depends only
weakly on the mass fraction of EvA25. At t = 20 °C, a very shallow maximum of the
density was found. A similar behavior has been observed previously for EvA34 (cf.
Section 4). It seems, that in HyO-rich mixtures, the formation of an electrolyte system

compensates the influence of the lower density of the EvA.
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Figure C6: Density and dynamic viscosity of the system (EvA25 + H,0). Experimen-
tal results from the present work. &: ¢t =20°C, A: ¢t =30°C, v:t =40 °C,
t=50°C, :t=60°C, <1:t=70°C, >:t=80°C, %:t=90"°C.

The dynamic viscosity of pure EvA25 decreases from n = 19 mPa-s at ¢ = 20 °C to
n = 2 mPa-s at t = 90 °C. There is a maximum of the dynamic viscosity at a mass
fraction of EvA25 in the unloaded solvent of about @Y ,,s = 0.8 g/g, where the viscosity
is about 7 = 605 mPa-s at t = 20 °C and n = 11 mPa-s at t = 70 °C. Such a maximum
was also found for EvA34 (cf. Section 4). For EvA34 it has been argued that this
maximum results from H-bond stabilized clusters that are formed at a molar ratio of
H,O molecules and amino groups of about 1/1. For EvA25, this ratio is found at about
WY Ao = 0.83 g/g, which supports this theory. The dynamic viscosity is very sensitive to
the mass fraction of H,O. One of the impurities of EvA25 is H,O (cf. Section 2). Even
though the amount of H,O as an impurity in pure EvA25 is low (less than 0.01 g/g), it

might have an influence on the measured dynamic viscosity.

Figure C7 shows the measured density p and dynamic viscosity n of the system (EvA25 +
H,0 + CO,) with mass fractions of EvA25 in the unloaded solvent of wg ,,s = 0.15 g/g
and Wh s = 0.35 g/g at five temperatures between 20 °C < ¢ < 60 °C as a function of
the mole-related CO,-loading aco,, as well as of the mass fraction of CO, 10go,. The
corresponding numerical experimental data are given in Appendix E. Only results for

samples with a homogeneous liquid phase are reported.

At all temperatures, the density increases almost linearly with increasing CO,-loading.
For the aqueous solution of EvA25 with @9 ,, = 0.35 g/g, the relative increase of the
density is about 5 % for an increase of the CO,-loading &co, of 1 mol/mol, whereas for
WY a0s = 0.15 g/g that number is only about 2.5 %. Regarding the amounts of EvA25
and CO, in the solution, the relative increase seems to correspond with the total amount
of CO, in the solvent. Such behavior was observed for EvA34 as well (cf. Section 4).

With increasing temperature, the density decreases.
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Figure C7: Density and dynamic viscosity in the system (EvA25 4+ H,O + CO,) with
WY a0s = 0.15 g/g and W ., = 0.35 g/g. Experimental results from the
present work. <:t = 20 °C, A:t =30 °C, v:t =40 °C, 0:t =50 °C,

1t =60 °C.

The dynamic viscosity of aqueous solutions of EvA25 with @9 ,,. = 0.15 g/g is not sig-
nificantly influenced by the CO,-loading. For @9 ,,. = 0.35 g/g, however, the dynamic
viscosity increases with increasing CO,-loading and the slope decreases with increasing
temperature. At ¢ = 20 °C, a flattening of the curve is observed at high CO,-loading.
For EvA34, the results for the viscosity were found to correlate with those of the car-
bamate concentration (cf. Section 4), which, however, is not the case for EvA25. The

viscosity decreases with increasing temperature.
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C.5 Liquid heat capacity

Figure C8 shows the measured liquid heat capacity ¢, of the system (EvA25 + H,O0)
for five temperatures between 25 °C < t < 75 °C as a function of the mass fraction of
EvA25 in the unloaded solvent @}, ,,.. The corresponding numerical experimental data
are given in Appendix E. Only results for samples with a homogeneous liquid phase
are reported. The liquid heat capacity of aqueous solutions of EvA25 decreases with
increasing mass fraction of EvA25 and decreasing temperature. The liquid heat capacity

of pure EvA25 is ¢, = 2.20 kJ/(kg'K) at t = 25 °C and ¢, = 2.56 kJ/(kg'K) at t = 75 °C.
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Figure C8: Liquid heat capacity in the system (EvA25 + H,0). Experimental results
from the present work. &:t=25°C, A:t=35°C, v:t=45°C, 0:t =55°C,
:t=065°C, <:t="175°C.

C.6 Vapor pressure

The vapor pressure p* of pure EvA25 is about p® = 15 mbar at t = 164 °C and
p* = 50 mbar at t = 190 °C. The corresponding numerical experimental data is given
in Appendix E. Due to the onset of carbonization at high temperatures, only low pres-
sures could be studied. The vapor pressure of EvA25 is higher than that of EvA34 (cf.
Section 4) but lower than that of EvA02 [29]. Compared to other amines that are used

for CO4-absorption [6], EvA25 has a very low vapor pressure.
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D Species elucidation by NMR

spectroscopy

The elucidation of CO,-containing species in the systems (EvA + H,O + CO,) was done
with 'H and 13C nuclear magnetic resonance (NMR) spectroscopy using one-dimensional
'H and BC{'H} inverse gated (13Cig) as well as two-dimensional 'H-'3C heteronu-
clear single quantum coherence (HSQC), 'H-3C heteronuclear multiple bond correlation
(HMBC), and 135° distortionless enhanced polarization transfer 13C (DEPT135) NMR
techniques. Protonated and unprotonated species cannot be distinguished in NMR
spectra. Therefore, in the present work, the given concentrations of all species include

protonated and unprotonated forms.

The elucidation of CO,-containing species was done for 16 EvAs in total: EvAO1, EvA02,
EvAO03, EvA04, EvAO5, EvA06, EvAO7, EvA21, EvA24, EvA25, EvA26, EvA27, EvA31,
EvA32, EvA34, and EvA36. The elucidation of four of these EvAs (EvA07, EvA21,
EvA25, and EvA34) is shown in detail in the present section. Furthermore there is
NMR data available for EvA02 [29]. The elucidations shown in the present section are
blueprints for all EvAs, as the same procedures and techniques were applied. The eluci-
dation of CO,-containing species in CO,-loaded aqueous solutions of EvA(07 and EvA25
are excellent examples for demonstrating the procedure and unambiguity of the results.
The elucidation of EvA21 and EvA34 are much more difficult and proves that also for
such challenging systems, an unambiguous assignment of the CO,-containing species is

obtainable.

D.1 System (EvA07 + H,O 4+ CO,)

Figure D2 shows the 'H NMR spectrum of an unloaded aqueous solution of the system
(EvAQ7 + H,0) with a mass fraction of EvA07 in the unloaded solvent of @ ,,, = 0.1g/g.
The corresponding 3Cig NMR spectrum is given in Figure D3. In both spectra, the
peaks are labeled with numbers that were assigned to the carbons/hydrogens as desig-
nated in Figure D1. The recorded DEPT135, HSQC, and HMBC NMR spectra that

were used for the elucidation are shown in Figure D4 to D6, respectively.

The carbons 3,4 are clearly assignable as they show no signal in the DEPT135. In the
HMBC NMR spectrum the carbons 3,4 correlate with the protons 6,8, 7.9 and 2,5. The
'H NMR signals for 6,8 and 7,9 are singlets, respectively. The 'H NMR signal of 2,5

consists of two double-doublets. One of the double-doublets overlaps such as it looks like
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a triplet. The splitting pattern in combination with the peak integrals prove the shown
assignment of 6,8, 7,9, and 2,5 in the 'H NMR spectrum. The corresponding carbons
6,8, 7,9, and 2,5 are matched with the HSQC NMR spectrum. Peaks 1 and 12,13 are
the remaining positively polarized peaks in the DEPT135. They are unambiguously
assignable by comparing their peak integrals in the 3Cig NMR spectrum. The corre-
sponding protons are relatable with the HSQC NMR spectrum. The remaining peaks
10 and 11 are assignable by HMBC and HSQC NMR spectra.

(o)

A

(H)0 150

EVA 07 B-carbamate (bi)carbonate

Figure D1: Chemical structures of the elucidated species in the system (EvA07 + H,O
+ CO,) with assignments of the carbon and hydrogen atoms.

681179
12,13

NH, H,O

10 4 25

25

4.0 35 3.0 25 20 1.5 1.0 0.5 0.0
51/ ppm

Figure D2: 'H NMR spectrum of the system (EvA07 + H,0) with @9 ,,, = 0.1 g/g
at t = 20 °C. Notation of the peaks according to Figure D1.
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Figure D3: *Cig NMR spectrum of the system (EvA07 + H,O) with wg ,,, = 0.1 g/g
at t = 20 °C. Notation of the peaks according to Figure D1.

55 50 45 40 35 30 25
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Figure D4: Superimposed DEPT135 (—) and 3Cig (—) NMR spectrum of the system
(EvA07 4+ H,0) with @l .., = 0.1 g/g at t = 20 °C.
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Figure D5: HSQC NMR spectrum of the system (EvA07 4+ H,O) with @3 ,,, = 0.1 g/g

at t = 20 °C.
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Figure D6: HMBC NMR spectrum of the system (EvA07 + H,0) with
WY aor = 0.1 g/g at t =20 °C.

Figure D7 shows the 'H NMR spectrum of the system (EvA07 + H,O + CO,) with
a mass fraction of EvAQ7 in the unloaded solvent of w3 ,,; = 0.1 g/g and a CO,-
loading of aco, = 1.51 mol/mol. The corresponding '*Cig NMR spectrum is given in
Figure D8. In both spectra, the peaks are labeled with numbers that were assigned to
the carbons/hydrogens as designated in Figure D1. The recorded DEPT135, HSQC,
and HMBC NMR spectra that were used for the elucidation are shown in Figures D9
to D11, respectively.
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The carbons and protons 1 to 13 for EvAQ07 can be assigned as described for the system
(EvAO7 + H,O) in the previous text. Due to the change of the pH-value as a result
of the CO,-loading, the peaks shift, compared to the unloaded aqueous solution. This
is especially visible for the proton signals 10 and 11. They show separated signals in
the 'H NMR spectrum of the unloaded aqueous solution (cf. Figure D2), approximate
with increasing CO,-loading, and overlap at the CO,-loading of &co, = 1.51 mol/mol
which is shown in Figure D7. In Figure D7 the overlapping splitting pattern of 10 and
11 appears to be a singlet but actually consists of two overlapping triplets. Such strong
shifts are also observable in the ¥Cig NMR spectrum and show the necessity of 2D
NMR spectroscopy for the elucidation of the CO,-containing species.

The assignment for the carbons and protons 17 to 137 was performed analogous to
that of 1 to 13. In the 3Cig NMR spectrum (cf. Figure D8), peak 15 represents the
(bi)carbonate carbon. Its concentration rises to values of dcp, > 1 mol/mol which
excludes the possibility of being a carbamate. Also no correlation to any proton is
observable in the HMBC NMR spectrum. Peak 147 is assignable to the carbon of
[-carbamate as it correlates to the adjacing protons 17 and 10° in the HMBC NMR

spectrum.

6,8 7.9
127 13/
NH, H,0 !
10,
" 12,13 608"
7ﬂ’9ﬂ
2,5 25
28 55
107 111'5
L oM )
5.0 45 4.0 35 30 25 20 15 1.0
sH/ ppm

Figure D7: 'H NMR spectrum of the system (EvA07 + H,O + CO,) with
WY nor = 0.1 g/g and éco, = 1.51 mol/mol at ¢ = 20 °C. Notation of
the peaks according to Figure D1.
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Figure D8: 13Cig NMR spectrum of the system (EvA07 + H,O + CO,) with

WY a0y = 0.1 g/g and é&co, = 1.51 mol/mol at t = 20 °C. Notation of
the peaks according to Figure D1.
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Figure D9: Superimposed DEPT135 (—) and '3Cig (—) NMR spectrum of the system
(EvAO7 + H,O + CO,) with @) ., = 0.1 g/g and dco, = 1.51 mol/mol

at t = 20 °C.
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Figure D10: HSQC NMR spectrum of the system (EvA07 + H,O + CO,) with
WY a0y = 0.1 g/g and dco, = 1.51 mol/mol at ¢ = 20 °C.
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Figure D11: HMBC NMR spectrum of the system (EvA07 + H,O + CO,) with

WY aor = 0.1 g/g and dco, = 1.51 mol/mol at ¢ = 20 °C.

D.2 System (EvA21 + H,O + CO,)

Figure D13 shows the 'H NMR spectrum of the system (EvA21 + H,O 4+ CO,) with
a mass fraction of EvA21 in the unloaded solvent of @} ., = 0.1 g/g and a CO,-
loading of &co, = 2.2 mol/mol. The corresponding '3Cig NMR spectrum is given in
Figure D14. In both spectra, the peaks are labeled with numbers that were assigned to
the carbons/hydrogens as designated in Figure D12. The recorded DEPT135, HSQC,
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and HMBC NMR spectra that were used for the elucidation are shown in Figures D15
to D17, respectively.

The carbons and protons 1 to 9 of EvA21 were assigned as described for the unloaded
aqueous solution of EvAQ7 (cf. Appendix D.1). The carbon signals 15,16 and 13,14
in the BCig NMR spectrum are distinguishable from the signals of 10, 11, and 12 by
comparing their integrals. The carbon signal of 15,16 is distinguishable from 13,14 as it
correlates to the protons 13,14 in the HMBC NMR spectrum, whereas the carbon signal
of 13,14 correlates to the proton signals of themselves, 15,16, and 12. The proton signals
12, 13,14, and 15,16 are matchable with their corresponding carbon signals by the HSQC
NMR spectrum. The remaining proton signal 10 and 11 are assignable as the carbon
signal 11 correlates with the carbon signal 10 and 12 and the carbon signal 10 correlates
with the proton signals 1 and 11 in the HMBC NMR spectrum. The corresponding
proton/carbon signals are relatable by the HSQC NMR spectrum, respectively.

The signals 1% to 168 and 1°¢ to 9% were assigned the same way as described above
for the signals 1 to 16. In the 3Cig NMR spectrum, peak 18 represents the carbon
signal of (bi)carbonate. Its concentration rises to values of dco, > 1 mol/mol which
excludes the possibility of being a carbamate or alkylcarbonate. Also no correlation to
any proton is observable in the HMBC NMR spectrum. Peak 19 represents the carbon
atom of molecular CO, which only occurs at high CO,-loadings and at a chemical shift
of around 124 ppm. The signal shows no correlations to any proton in the HMBC
NMR spectrum. Peak 177 is assignable to the carbon signal of S-carbamate because
of the correlation to the adjacing proton signal 10 in the HMBC NMR spectrum. A
correlation to the proton signal 17 was not found in the HMBC spectrum, which is
probably a result of the low concentration of [-carbamate. Peak 17%¢ represents the
carbon signal of alkylcarbonate. The carbon signal 17%¢ correlates to the proton signal
169¢ in the HMBC NMR spectrum. Due to the formation of alkylcarbonate, the signals
13 and 14 as well as 15 and 16 separate from each other. With alternate application of
HMBC and HSQC NMR spectra, the signals 129¢ to 15% are assignable. The proton
and carbon signals 19¢ and 10%¢ as well as the carbon signal 119¢, remain unassigned.
Their signals and correlations are superimposed by others and show too little intensity
to be distinguishable from them and from noise. An unambiguous assignment of these
peaks is hence impossible, but also not relevant for the unambiguous elucidation of

CO,-containing species for EvA21.
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OH
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alkylcarbonate (bi)carbonate  molecular CO,

Figure D12: Chemical structures of the elucidated species in the system (EvA21 +
H,O + CO,) with assignments of the carbon and hydrogen atoms.
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Figure D13: 'H NMR spectrum of the system (EvA21 + H,O + CO,) with
WY Ao = 0.1 g/g and Gco, = 2.2 mol/mol at ¢ = 20 °C. Notation of
the peaks according to Figure D12.
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Figure D14: 3Cig NMR spectrum of the system (EvA21 + H,0O + CO,) with
WY Ao = 0.1 g/g and Gco, = 2.2 mol/mol at ¢t = 20 °C. Notation of
the peaks according to Figure D12.
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Figure D15: Superimposed DEPT135 (—) and '3Cig (—) NMR spectrum of the system
(EvA21 + H,0 + CO,) with ), o, = 0.1 g/g and aco, = 2.2 mol/mol

at t = 20 °C.
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Figure D16: HSQC NMR spectrum of the system (EvA21 + H,O + CO,) with
WY Ao = 0.1 g/g and dco, = 2.2 mol/mol at ¢ = 20 °C.
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Figure D17: HMBC NMR spectrum of the system (EvA21 + H,O + CO,) with
WY Ay = 0.1 g/g and dco, = 2.2 mol/mol at ¢ = 20 °C.

D.3 System (EvA25 + H,O + CO,)

Figure D19 shows the 'H NMR spectrum of the system (EvA25 + H,0O + CO,) with
mass fractions of EvA25 in the unloaded solvent of @9 ,,. = 0.35 g/g and a CO,-
loading of @co, = 1.85 mol/mol. The corresponding '*Cig NMR spectrum is given in
Figure D20. In both spectra, the peaks are labeled with numbers that were assigned to
the carbons/hydrogens as designated in Figure D18. The recorded DEPT135, HSQC,
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and HMBC NMR spectra that were used for the elucidation are shown in Figures D21
to D23.

The carbons and protons 1 to 9 of EvA25 were assigned as described for the unloaded
aqueous solution of EvAQ7 (cf. Appendix D.1). Peaks 15,16 are the remaining positively
polarized peaks in the DEPT135 and are hence unambiguously assignable. The corre-
sponding protons are relatable with the HSQC NMR spectrum. The integrals of the
signals of 13,14 in the ¥Cig NMR spectrum are double as high as the remaining signals
of 10, 11, and 12 and are therefore unambiguously assignable. The corresponding signal
in the '"H NMR spectrum is deducible from the HSQC NMR spectrum. The carbons
and protons 10, 11, and 12 are assignable from the combined application of the HMBC
and HSQC NMR Spectrum. Then the long range correlations from the HMBC NMR
Spectrum show that carbon signal 12 has long range correlations to the proton signals
of 13,14, and 11, the carbon signal of 11 shows long range correlations to the proton
signals of 10 and 12, and the carbon signal of 10 shows long range correlations to the
proton signals of 1, 11, and 12. This makes the assignments unambiguous. The proton
signals can be assigned to the corresponding carbon signals by using the HSQC NMR

Spectrum.

The carbons and protons 17 to 16# can be assigned as described for the carbons and pro-
tons of peak 1 to 16. Peak 18 of the 3Cig NMR spectrum represents the (bi)carbonate
carbon. Its concentration rises to values of aco, > 1 mol/mol which excludes the pos-
sibility of being a carbamate. Also no correlation to any proton is observable in the
HMBC NMR spectrum. Peak 177 is assigned to the carbamate carbon of S-carbamate
because of the long range correlation to the proton 17 in the HMBC NMR spectrum.

10 12 13 1ﬂ]\ 100 12 1
BN NN o NN NS

14k

16

11
B I\ (o]
14" )]\
6

B
16 (H)0"18™0"

EvA25 B-carbamate (bi)carbonate

Figure D18: Chemical structures of the elucidated species in the system (EvA25 +
H,O + CO,) with assignments of the carbon and hydrogen atoms.
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Figure D19: 'H NMR spectrum of the system (EvA25 + H,O + CO,) with
WY 05 = 0.35 g/g and dco, = 1.85 mol/mol at t = 20 °C. Notation

of the peaks according to Figure D18.
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Figure D20: 3Cig NMR spectrum of the system (EvA25 + H,0O + CO,) with

WY 05 = 0.35 g/g and dco, = 1.85 mol/mol at t = 20 °C. Notation
of the peaks according to Figure D18.
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Figure D21: Superimposed DEPT135 (—) and 13Cig (—) NMR spectrum of the system
(EvA25 + H,0 4 CO,) with @) .5 = 0.35 g/g and dco, = 1.85 mol/mol
at t = 20 °C.
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Figure D22: HSQC NMR spectrum of the system (EvA25 + H,O + CO,) with
W, g5 = 0.35 g/g and Gcp, = 1.85 mol/mol at t = 20 °C.
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Figure D23: HMBC NMR spectrum of the system (EvA25 + H,O + CO,) with

WY 05 = 0.35 g/g and Gco, = 1.85 mol/mol at t = 20 °C.

D.4 System (EvA34 + H,O0 4+ CO,)

Figure D25 shows the 'H NMR spectrum of the system (EvA34 + H,O + CO,) with
mass fractions of EvA34 in the unloaded solvent of @9 ,,, = 0.4 g/g and a CO,-loading
of &co, = 2.35 mol/mol. The corresponding *Cig NMR spectrum is given in Fig-
ure D26. In both spectra, the peaks are labeled with numbers that were assigned to the
carbons/hydrogens as designated in Figure D24. The recorded DEPT135, HSQC, and
HMBC NMR spectra that were used for the elucidation are shown in Figures D27 to
D29, respectively.

The carbons and protons 1 to 9 of EvA34 were assigned as described for the unloaded
aqueous solution of EvA07 (cf. Appendix D.1). Peaks 16,17 are the remaining posi-
tively polarized peaks in the DEPT135 and hence are unambiguously assignable. The
corresponding protons are relatable with the HSQC NMR spectrum. The remaining
peaks 10 to 15 are assignable by alternating application of the HMBC and HSQC NMR
spectra, starting from the peaks 1 and 16,17, respectively.

The carbons and protons for S-carbamate, y-carbamate, and [-v-dicarbamate can be
assigned the same way as described for EvA34. Peak 20 of the 13Cig NMR spectrum rep-
resents the (bi)carbonate carbon. Its concentration rises to values of dco, > 1 mol/mol
which excludes the possibility of being a carbamate. Also no correlation to any proton
is observable in the HMBC NMR spectrum. Peak 197 is assignable to the carbamate
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carbon of y-carbamate because of the strong correlation to the protons 127 and 137
in the HMBC NMR spectrum. Peak 187 is assignable to the carbamate carbon of /-
carbamate as it shows a correlation to the proton of 1% in the HMBC NMR spectrum.
The carbon peaks 1857 and 1957 does not show any long range correlation. However,
some arguments indicate the displayed assignment of the dicarbamate structure. Firstly,
the carbamate formation at the S-amino group and ~v-amino group was already proven.
Secondly, with varying CO,-loading, a synchronous increase and decrease of the 18%7

and 1957 peak integrals is observable in the set of 13Cig NMR spectra.

X
(H)0 200"
B-carbamate (bi)carbonate
14 14 Q 7 137 lij
107 127 o 18 9y
147 13ﬁ7 14"
By
, 616 By
N 15 N 15
17 |17ﬁ7
y-carbamate B-v-dicarbamate

Figure D24: Chemical structures of the elucidated species in the system (EvA34 +
H,0 + CO,) with assignments of the carbon and hydrogen atoms.
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Figure D25: 'H NMR spectrum of the system (EvA34 + H,O + CO,) with
WY a3 = 0.4 g/g and Geo, = 2.35 mol/mol at ¢ = 20 °C. Notation
of the peaks according to Figure D24.
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Figure D26: 3Cig NMR spectrum of the system (EvA34 + H,0O + CO,) with
WY a3 = 0.4 g/g and Gco, = 2.35 mol/mol at ¢ = 20 °C. Notation
of the peaks according to Figure D24.
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Figure D27: Superimposed DEPT135 (—) and 13Cig (—) NMR spectrum of the system
(EvA34 4+ H,0 + CO,) with @} 5, = 0.4 g/g and dco, = 2.35 mol/mol

at t = 20 °C.
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Figure D28: HSQC NMR spectrum of the system (EvA34 + H,O + CO,) with
W, a3 = 0.4 g/g and dco, = 2.35 mol/mol at t = 20 °C.
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Figure D29: HMBC NMR spectrum of the system (EvA34 + H,O + CO,) with
WY 34 = 0.4 g/g and dco, = 2.35 mol/mol at ¢ = 20 °C.
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E Numerical experimental data

E.1 Screening

The experimental numerical data from bubble cell experiments of the screening are given
in Table E1. A preliminary report of the results has been given in a conference paper
[30]. The data that were presented in that paper and the data from the present work
are not identical, as the primary IR data was reevaluated. It is recommended to use the
data reported in the present work. The trends and basic findings of both publications
match perfectly. The experimental numerical data from head space gas chromatography

experiments of the screening are given in Table E2.

Table E1: Initial rate of absorption of CO, and equilibrium CO,-loading from bubble
cell experiments in the systems (amine + H,O + CO,) with @? ., . =0.05g/g
and pco, = 140 mbar.

RA Xco,
1072 g/(g-min) g/
T /K 313.15 313.15 373.15
MEA 1.97 047 027
MDEA /PZ 1.52 0.34 011
EvAO1 2.46 041 027
EvA02 2.05 0.39  0.16
EvA03 1.48 043  0.20
EvA04 1.48 0.33  0.18
EvA05 1.85 032 017
EvA06 1.12 025  0.14
EvA07 1.81 037 0.15
EvA09 0.72 024  0.12
EvA10 0.48 027  0.12
EvAl4 0.95 0.37  0.16
EvA17 1.72 033 017
EvA21 0.98 024 0.3
EvA22 1.70 033  0.16
EvA24 1.24 024  0.12
EvA25 1.35 042  0.20
EvA26 1.51 0.36  0.15
EvA27 0.77 031 0.15
EvA29/30 1.00 020  0.11
EvA31 1.25 033  0.17
EvA32 0.95 0.16  0.09

continued on next page
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Table E1: continued from previous page

RA Xco,
107 g/(gmin) 8/8
T /K 313.15 313.15 373.15
EvA33 1.01 0.21 0.09
EvA34 1.80 0.44 0.21
EvA36 2.17 0.42 0.24
EvA41 0.84 0.19 0.08
W0 ie: mMass fraction of amine in the unloaded solvent with the relative expanded uncertainty
U (Whnine) = 0.001 (0.99 level of confidence), pco,: partial pressure of CO, with the standard un-

certainty u(pco,) = 5 mbar, RA: initial rate of absorption of CO, with the relative standard un-
certainty u,.(RA) = 0.05, X002: equilibrium CO,-loading with the relative standard uncertainty

ur(f(c%) = 0.05, T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confi-
dence).

Table E2: CO,-solubility from head space gas chromatography experiments in the sys-
tems (amine + H,0 + CO,) with @ , = 0.4 g/g.

T /K 313.15 373.15 313.15 373.15
Xcoz Pco, XCOQ Pco, X co, Pco, X co, Pco,
g/g  bar g/g  bar g/g  bar g/g  bar

EvAO03 EvA06
0.281 0.073  0.038 0.129 0.172 0.076  0.029 0.161
0.321 0.167  0.071 0.332 0.213 0.221  0.050 0.420
0.348 0.275  0.095 0.495 0.233 0.474  0.075 0.804
0.371 0.754  0.126  0.997 0.247 0.960  0.101 1.382
0.377 0.746  0.149 1.225 0.276 1.586  0.105 1.447
0.391 1.005  0.173 1.531
0.395 1.646

EvA09 EvA21
0.058 0.013  0.027 0.334 0.171 0.099  0.022 0.049
0.128 0.054  0.052 0.807 0.216 0.304  0.037 0.123
0.154 0.097  0.056 0.876 0.234 0521  0.061 0.339
0.192 1.059  0.076 1.569

EvA24 EvA25
0.086 0.017  0.024 0.076 0.168 0.020  0.025 0.121
0.191 0.299  0.036 0.236 0.238 0.050  0.076 0.632
0.217 0.621  0.049 0.375 0.303 0.179  0.136 1.605
0.237 0.836  0.087 0.982 0.389 1.728  0.163 2.103

EvA29/30 EvA34

0.046 0.010  0.009 0.005 0.203 0.021  0.025 0.028
0.144 0.126  0.024 0.060 0.295 0.109  0.074 0.154
0.172 0.365  0.051 0.269 0.298 0.113  0.076 0.144
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Table E2: continued from previous page

T /K 313.15 373.15 313.15 373.15
Xco, pco, Xco, pco, Xco, pco, Xco, pco,
g/g  bar g/g  bar g/g  bar g/g  bar

EvA29/30 continued EvA34 continued

0.192 0.926 0.080 0.632 0.372 0.445 0.124 0.363

0.202 1.566 0.103 1.130 0.391 0.694 0.134 0.439
0.404 0.817 0.147 0.548
0.412 1.312 0.221 1.326

EvA36

0.202 0.014 0.050 0.025

0.309 0.170 0.074 0.053

0.345 0.438 0.111 0.120

0.359 0.593 0.149 0.300

0.377 0.831 0.193 0.694

0.390 1.167 0.194 0.699

0.405 1.265 0.226 1.251

~0 .
WEyA*

up (0% ) = 0.001 (0.99 level of confidence), T:

mass fraction of EvA in the unloaded solvent with the relative expanded uncertainty
temperature with the expanded uncertainty

U(T) = 0.1 K (0.99 level of confidence), X0021 equilibrium CO,-loading with the relative expanded

uncertainty Ur(Xcoz) = 0.01 (0.99 level of confidence), pco,: partial pressure of CO, with the relative
standard uncertainty u.(pco,) = 0.08.

E.2 System (EvA34 4+ H,O + CO,)

Table E3: CO,-solubility in the system (EvA34 + H,O + CO,) in the low pressure

region.

T MEvA34 mco, PCo,

K molgyaszs/kgn,0 molco,/kgn,o mbar
313.15 0.380 0.625 003 16.84 + 0.18
313.21 0.374 0.749 *0-918 53.00 + 1.15
313.18 0.374 0.799 +0-014 78.31 + 1.93
313.17 0.380 0.847 *0020  114.43 + 1.60
313.18 0.380 0.905 70021 181.10 + 3.25
313.19 0.380 0.952 10038 266.38 + 6.11
313.14 0.380 1.005 *3:922  456.33 + 7.47
313.21 0.374 1.049 #3922 738.46 + 14.61

continued on next page
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Table E3: continued from previous page

T MEvA34 mco, PCo,

K molEvA34/kgH20 m01002 /kgH2o mbar
353.16 0.368 0.374 +0-308 32.45 + 0.33
353.15 0.368 0.504 *5-043 76.44 + 1.29
353.12 0.365 0.582 *0-01%  149.37 + 5.57
353.15 0.368 0.685 *098S  317.44 £ 4.51
353.09 0.365 0.730 9016 537.21 + 13.99
353.10 0.365 0.771 *0085  740.47 + 18.13
393.13 0.373 0.095 *0-392 31.83 + 0.33
393.13 0.373 0.161 =501 67.32 + 1.79
393.13 0.373 0.239 *0:00%  134.16 + 3.46
393.15 0.373 0.324 *3907  246.14 + 5.33
393.13 0.368 0.421 *3-019  471.02 + 13.81
393.15 0.373 0.504 *3-012  724.89 + 13.35
313.16 2.246 3.450 20672 24.95 + 0.92
313.15 2.180 3.909 *0:9%  55.70 + 0.85
313.16 2.180 4.274 3078 93.44 + 1.83
313.18 2.271 4.785 T30 141.01 + 2.76
313.16 2.300 4.930 ¥00%  162.92 + 2.63
313.16 2.300 5.340 *398  284.03 + 6.82
313.15 2.246 5.840 '35 598.55 + 22.62
313.16 2.246 5.974 3437 746.69 + 19.92
353.11 2.249 0.665 *0-543 17.81 + 0.30
353.11 2.249 1.124 *):920 35.62 + 0.90
353.16 2.235 1.635 £9:519 70.05 + 1.79
353.17 2.235 1.821 3049 82.60 + 1.16
353.16 2.257 1.976 *3:942 103.97 + 2.37
353.16 2.257 2.296 *39%%  150.64 = 2.68
353.16 2.257 2.661 *9002  213.75 + 2.47
353.16 2.257 3.113 19012 344.11 + 6.08
353.16 2.257 3.432 10085 493.08 + 4.30
353.16 2.247 3.603 *0-085  588.71 + 8.30
353.18 2.235 3.961 70097 813.66 = 17.45
392.77 2.249 0.162 *)00f  33.48 + 1.37
393.18 2.259 0.183 30007 49.14 + 0.11
393.13 2.259 0.271 +5:99 69.49 + 2.16
393.14 2.235 0.340 *0.605  97.69 + 1.55
393.14 2.262 0.360 *J-098 99.15 + 1.11
393.15 2.224 0.509 73812 169.34 + 3.47
393.16 2.224 0.621 *3903 226.63 + 5.52
393.14 2.262 0.769 *3:91%  290.20 + 6.73
393.13 2.262 0.961 73922 411.64 = 9.90
393.14 2.246 1.136 *0:025  552.97 + 12.48
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Table E3: continued from previous page

T MEvA34 mco, PCo,

K molEvA34/kgH20 m01002 /kgH2o mbar
393.13 2.224 1.264 13929 621.28 + 15.05
393.15 2.246 1.449 *0-082  770.74 + 32.79

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpyasza:
molality of EvA34 with the relative expanded uncertainty U, (mgyass) = 0.001 (0.99 level of confidence),
mco,: molality of CO, with the intervals representing the expanded uncertainty U (mcoz) (0.99 level
of confidence). pco,: partial pressure of CO, with the intervals representing the standard uncertainty

u(pco,)-

Table E4: CO,-solubility in the system (EvA34 + H,O + CO,) in the high pressure

region.
T MEvA34 mco, P
K molgyass/kgn,o molco,/kegn,o bar
313.23 1.223 5.264 + 0.023
313.16 1.260 6.168 + 0.021
313.21 1.354 9.606 + 0.109
313.23 1.410 11.426 + 0.068
313.20 0.377 1.494 15.314 + 0.068
313.16 1.626 20.847 + 0.074
313.20 1.813 33.160 + 0.505
313.23 1.978 44.512 + 0.245
313.22 2.175 56.974 + 0.545
313.19 2.348 69.020 + 0.496
353.11 1.064 7.141 + 0.061
353.24 1.090 7.673 + 0.049
353.17 1.220 14.527 + 0.022
353.27 0.377 1.275 18.869 + 0.076
353.27 1.402 27.555 + 0.113
353.32 1.559 41.078 + 0.122
353.28 1.702 55.364 + 0.467
393.13 0.803 7.822 + 0.036
393.22 0.997 14.976 + 0.170
393.27 0.377 1.148 30.410 + 0.158
393.23 1.286 43.502 + 0.194
393.19 1.625 75.221 + 0.341
313.24 6.442 2.956 + 0.168
313.21 6.553 3.959 + 0.118
313.22 2.237 6.684 5.388 + 0.149
313.22 6.931 8.277 + 0.165
313.19 7.434 19.127 + 0.150

continued on next page
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Table E4: continued from previous page

T MEvA34 mco, D
K molgyass/kgn,0 moloo,/kgn,o bar
313.19 7.657 27.223 + 0.196
313.20 2.237 7.833 33.290 + 0.140
313.21 8.277 58.422 + (0.551
353.21 4.418 1.983 + 0.062
353.28 4.884 3.647 + 0.014
353.21 5.346 5.815 + 0.026
353.22 5.606 7.589 + 0.030
353.24 5.623 7.788 + 0.028
353.21 9 938 5.847 10.317 + 0.099
353.12 6.046 15.437 £ 0.065
353.19 6.343 20.827 + 0.212
353.07 6.651 31.286 + 0.092
353.15 6.947 46.943 + 0.458
353.22 7.168 64.476 + 0.440
353.19 7.397 81.497 + 0.401
393.05 2.735 5.233 + 0.008
393.14 3.152 6.562 + 0.037
392.96 3.703 9.157 + 0.073
393.12 4.225 13.802 + 0.043
393.06 2.238 4.515 18.804 + 0.122
393.00 4.739 22.690 + 0.103
393.04 5.305 36.861 + 0.090
393.12 5.747 57.882 + 0.148
393.06 6.282 90.292 + 0.417

T: temperature with the expanded uncertainty U(T') = 0.1 K (0.99 level of confidence), mpyazs: mo-
lality of EvA34 with the relative expanded uncertainty U, (mgvass) = 0.001 (0.99 level of confidence),
mco,: molality of COy with the relative expanded uncertainty U, (mco,) = 0.001 (0.99 level of confi-
dence). p bubble point pressure with the intervals representing the standard uncertainty u(p).

Table E5: pK-values of EvA34 highly diluted in H,O

T MEvA34 MHCI MNaOH oK
K molgyass/kgn,0 molgci/kgn,0 molnaon/kgn,o
293.6 0.031 + 0.001 0.141 + 0.007 0.124 + 0.007 10.90 £ 0.10
K. 313.0 0.028 + 0.003 0.139 + 0.005 0.123 + 0.003 10.35 £ 0.15
333.0 0.025 + 0.001 0.144 + 0.004 0.129 + 0.004 9.85 + 0.15
352.2 0.025 + 0.001 0.140 + 0.007 0.125 + 0.007 9.50 + 0.10
293.5 0.032 + 0.001 0.145 + 0.008 0.096 + 0.008 9.80 + 0.10
pKs 313.1 0.028 + 0.003 0.143 + 0.005 0.099 + 0.001 9.30 + 0.10
333.2 0.025 + 0.001 0.147 + 0.004 0.108 + 0.004 8.85 + 0.15
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Table E5: continued from previous page

T

MEvA34

MHCI

MNaOH

K molgyazi/kgn,0 molyci/kgn,0 molnaon/ken,o P

pKs 352.6 0.026 + 0.001 0.144 + 0.007 0.103 + 0.008 8.50 £ 0.10
293.5 0.033 + 0.001 0.150 + 0.008 0.067 £ 0.008 825 + 0.13

N 313.1 0.029 + 0.003 0.147 + 0.006 0.074 + 0.002 7.75 + 0.15
333.5 0.026 + 0.001 0.151 + 0.004 0.086 + 0.004 7.45 + 0.15

353.0 0.027 + 0.001 0.147 + 0.007 0.080 + 0.009 7.05 + 0.15

293.4 0.035 + 0.001 0.155 + 0.008 0.035 + 0.009 6.65 £ 0.13

% 313.1 0.030 + 0.003 0.151 + 0.007 0.047 + 0.005 6.25 + 0.15
P2y 333.7 0.026 + 0.001 0.155 + 0.004 0.062 £ 0.004 5.85 + 0.15
353.3 0.027 + 0.001 0.151 + 0.007 0.056 + 0.009 5.45 + 0.15

T: temperature with the expanded uncertainty U(T") = 0.1 K (0.99 level of confidence) mpyas4: molality
of EvA34 with the intervals representing the standard uncertainty u(mgyass), Mmuci: molality of HCI
with the intervals representing the standard uncertainty u(mpci), Mnaon: molality of NaOH with the
intervals representing the standard uncertainty u(mNaon), pK: molal activity based pK-value with the
intervals representing the standard uncertainty u(pK). The Greek letter indicates the corresponding
amino group as shown in Figure 1. The experiments were performed at ambient pressure, which was

p = 977 £ 20 mbar.

Table E6: pH-values of the system (EvA34 + H,O).

T

MEyA34

K molgyass/kgm,o pH
0.004 11.31 £ 0.18
0.010 11.64 + 0.11
0.018 11.74 + 0.12
0.034 11.89 + 0.13
298.15 0.067 12.08 £ 0.15
0.134 12.21 + 0.11
0.377 12.40 + 0.13
0.838 12.61 + 0.11
2.234 12.98 + 0.14
0.004 10.79 £ 0.16
0.010 11.13 £ 0.12
0.018 11.18 £ 0.11
0.034 11.32 £ 0.14
313.15 0.067 11.51 + 0.17
0.134 11.72 £ 0.10
0.377 11.89 + 0.13
0.838 12.08 + 0.10
2.234 12.44 + 0.12
353 15 0.004 9.87 £ 0.13
0.010 10.14 £ 0.14
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Table E6: continued from previous page

T MEvA34

K molgyaz4/kgn,0 pH
0.018 10.27 + 0.10
0.034 10.41 + 0.13
0.067 10.64 + 0.11
353.15 0.134 10.76 + 0.13
0.377 10.92 £ 0.12
0.838 10.97 £ 0.11
2.234 11.33 £ 0.13
0.004 9.13 + 0.18
0.010 9.38 + 0.19
0.018 9.55 + 0.10
0.034 9.71 + 0.14
393.15 0.067 9.80 + 0.13
0.134 10.02 £ 0.16
0.377 10.10 £ 0.12
0.838 10.22 £ 0.12
2.234 10.42 + 0.19

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpyaz4:
molality of EvA34 with the relative expanded uncertainty U, (mMgyaz4) = 0.001 (0.99 level of confidence),
pH: molal activity based pH-value with the intervals representing the standard uncertainty «(pH). The
pressure was not measured as it has no significant influence on the measured pH-values.

Table E7: pH-values of the system (EvA34 + H,O + CO,).

T MEvA34 mco, pH
K molgyass/ken,o molco,/ken,o
0.373 0 12.33 + 0.12
0.373 0.12373:098  11.03 = 0.11
0.375 0.23079:991  10.58 + 0.19
903,15 0.373 0.38170:921  10.17 + 0.10
0.371 0.593*0:93%  9.55 + 0.13
0.375 0.704*0001  9.28 + 0.11
0.380 0.847+0:020  8.70 + 0.14
0.374 0.9747390¢  8.40 + 0.18
0.373 0 11.18 + 0.13
0.373 0.12373:905  10.06 + 0.11
0.375 0.23020801  9.75 + 0.16
333.15 0.373 0.381%094  9.36 + 0.12
0.371 0.593*0080  8.79 + 0.11
0.375 0.70443:9%%  8.60 + 0.12
0.380 0.84770929  7.98 + 0.14
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Table E7: continued from previous page

T MEyA34

mco,

K molgyasa/kgn,o molco,/kgn,o pH
333.15 0.374 0.974*00%3  7.74 + 0.16
0.372 0 10.39 = 0.10
0.373 0.12373:99%  9.28 + 0.13
0.375 0.230*0:001  9.03 £ 0.11
27315 0.373 0.381%0021  8.58 + 0.12
0.371 0.59370:931  8.10 + 0.15
0.375 0.704*0003  7.92 +0.18
0.380 0.84770038  7.39 +0.15
0.374 0.974+0:9% 716 = 0.11
2.234 0 12.96 + 0.20
2.233 0.687705%0% 1159 + 0.15
2.233 1.5734004 11,14 + 0.12
2.217 2.26370-41  10.85 £ 0.11
293.15 2.237 3.133%0478 1046 + 0.14
2.235 3.96110:092  9.98 +0.14
2.233 4.45670:035  9.67 +0.13
2.233 514070997 9.27 + 0.14
2.233 578240082 8.86 + 0.12
2.231 0 11.66 + 0.19
2.233 0.68770502  10.38 + 0.12
2.233 157370013 9.95 + 0.11
2.217 2.26370838  9.69 + 0.15
333.15 2.237 3.133%047% 947 +0.12
2.235 3.96170695  9.10 + 0.11
2.233 4.45675:931  8.82 + 0.12
2.233 5.140709911  8.46 + 0.15
2.233 578270996 8.10 = 0.14
2.234 0 10.60 + 0.15
2.233 0.687*0002  9.28 + 0.12
2.233 15730011 8.87 £ 0.11
373.15 2.217 2.263*04%  8.67 + 0.12
2.237 3.133%0470 854+ 0.13
2.235 3.961%00% 823 +0.15
2.233 4.45675:931  7.98 + 0.16

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpyasza:
molality of EvA34 with the relative expanded uncertainty U,.(mgyasa) = 0.001 (0.99 level of confidence),
mco,: molality of CO, with the intervals representing the expanded uncertainty U (mco,) (0.99 level of
confidence), pH: molal activity based pH-value with the intervals representing the standard uncertainty
u(pH). The pressure was not measured as it has no significant influence on the measured pH-values.
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Table E8: Loading of CO,-containing species in the system (EvA34 + H,O + CO,).

T MEyA34 a;
K molgya34/kgn,0 mol; /molgyA34
pB-carbamate 7-carbamate [-vy-dicarbamate (bi)carbonate
0.376 0.00 £ 0.03  0.09 + 0.03 0.00 + 0.03 0.18 £ 0.03
0.381 0.00 = 0.03 0.26 = 0.03 0.00 = 0.03 0.25 = 0.03
0.381 0.00 = 0.03 0.49 = 0.03 0.00 = 0.03 0.56 = 0.03
903,15 0.376 0.00 £ 0.03  0.55 + 0.03 0.00 + 0.03 0.76 + 0.04
0.378 0.02 = 0.03 0.70 + 0.04 0.00 = 0.03 0.95 = 0.05
0.378 0.02 = 0.03 0.81 £ 0.04 0.00 = 0.03 1.37 £ 0.07
0.378 0.13£0.03 0.83 +0.04 0.00 + 0.03 1.71 + 0.09
0.376 0.07 + 0.03 0.83 + 0.04 0.00 = 0.03 2.19 £ 0.11
0.376 0.00 = 0.03 0.07 + 0.03 0.00 = 0.03 0.19 = 0.03
0.381 0.00 £ 0.03  0.30 = 0.03 0.00 + 0.03 0.36 = 0.03
0.381 0.00 = 0.03 0.42 + 0.03 0.00 = 0.03 0.61 + 0.03
313.15 0.376 0.00 = 0.03 0.54 = 0.03 0.00 = 0.03 0.84 + 0.04
0.378 0.02 £0.03  0.63 + 0.03 0.00 + 0.03 0.98 + 0.05
0.378 0.03 = 0.03 0.72 £ 0.04 0.00 = 0.03 1.44 £ 0.07
0.378 0.02 = 0.03 0.73 £ 0.04 0.00 = 0.03 1.70 = 0.09
0.376 0.05 £0.03 0.72 £ 0.04 0.00 + 0.03 2.11 + 0.11
0.376 0.00 £ 0.03  0.08 + 0.03 0.00 + 0.03 0.18 £ 0.03
0.381 0.00 = 0.03 0.18 = 0.03 0.00 = 0.03 0.41 + 0.03
0.381 0.00 = 0.03 0.45 = 0.03 0.00 = 0.03 0.67 = 0.03
333 15 0.376 0.05 £0.03  0.53 + 0.03 0.00 + 0.03 0.79 + 0.04
0.378 0.00 = 0.03 0.57 + 0.03 0.00 = 0.03 0.98 + 0.05
0.378 0.04 £ 0.03  0.59 = 0.03 0.00 = 0.03 1.32 + 0.07
0.378 0.05 + 0.03 0.58 + 0.03 0.00 + 0.03 1.88 + 0.09
0.376 0.00 = 0.03 0.62 = 0.03 0.00 = 0.03 2.03 £ 0.10
0.376 0.00 = 0.05 0.05 = 0.05 0.00 = 0.05 0.21 = 0.05
0.381 0.00 £ 0.05  0.13 + 0.05 0.00 + 0.05 0.37 + 0.05
0.381 0.00 + 0.05 0.33 + 0.05 0.00 = 0.05 0.69 + 0.06
353.15 0.376 0.00 = 0.05 0.34 = 0.05 0.00 = 0.05 0.92 £ 0.07
0.378 0.00 £ 0.05  0.46 + 0.05 0.00 + 0.05 1.11 + 0.09
0.378 0.00 = 0.05 0.56 + 0.05 0.00 = 0.05 1.44 + 0.12
0.376 0.00 = 0.05 0.58 = 0.05 0.00 = 0.05 1.92 £ 0.15
2.242 0.00 + 0.02 0.12 £ 0.02 0.00 = 0.02 0.03 = 0.02
2.242 0.00 £ 0.02  0.29 + 0.02 0.00 + 0.02 0.07 + 0.02
2.243 0.00 = 0.02 0.53 + 0.02 0.00 = 0.02 0.15 = 0.02
293.15 2.234 0.04 = 0.02 0.62 = 0.02 0.02 = 0.02 0.26 = 0.02
2.234 0.07 + 0.02 0.75 + 0.02 0.02 + 0.02 0.36 + 0.02
2.243 0.05 = 0.02 0.78 + 0.02 0.05 = 0.02 0.51 = 0.02
2.232 0.05 £ 0.02  0.78 £ 0.02 0.07 + 0.02 0.88 + 0.03
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Table E8: continued from previous page
T MEvA34 Q;
K molgyass/ken,o mol; /molgyA34
B-carbamate ~-carbamate [(-vy-dicarbamate (bi)carbonate
2.232 0.05 = 0.02 0.80 + 0.02 0.07 + 0.02 1.12 + 0.03
2.232 0.07 + 0.02 0.79 + 0.02 0.06 + 0.02 1.50 + 0.05
993.15 2.230 0.05 + 0.02  0.81 + 0.02 0.04 + 0.02 1.79 + 0.05
2.230 0.06 = 0.02 0.81 + 0.02 0.02 = 0.02 2.13 + 0.06
2.241 0.06 + 0.02 0.82 + 0.02 0.02 + 0.02 2.18 £ 0.07
2.241 0.06 + 0.02  0.81 + 0.02 0.02 + 0.02 2.40 + 0.07
2.242 0.00 +£ 0.02  0.12 + 0.02 0.00 + 0.02 0.03 + 0.02
2.242 0.00 = 0.02 0.27 + 0.02 0.00 = 0.02 0.09 + 0.02
2.243 0.01 + 0.02 0.50 + 0.02 0.00 + 0.02 0.15 + 0.02
2.234 0.03 + 0.02 0.59 + 0.02 0.01 + 0.02 0.26 + 0.02
2.243 0.04 + 0.02 0.66 + 0.02 0.01 + 0.02 0.35 + 0.02
313.15 2.243 0.04 + 0.02 0.76 + 0.02 0.02 + 0.02 0.59 + 0.02
2.234 0.04 + 0.02 0.77 £ 0.02 0.05 = 0.02 0.73 £ 0.02
2.232 0.05 + 0.02 0.77 £ 0.02 0.04 + 0.02 0.94 + 0.03
2.232 0.05 + 0.02  0.79 + 0.02 0.07 + 0.02 1.11 + 0.03
2.232 0.07 + 0.02 0.79 + 0.02 0.03 £ 0.02 1.46 + 0.04
2.230 0.07 + 0.02 0.76 + 0.02 0.02 + 0.02 1.80 + 0.05
2.230 0.08 £ 0.02  0.76 + 0.02 0.00 + 0.02 2.18 + 0.07
2.242 0.00 + 0.02 0.12 £ 0.02 0.00 + 0.02 0.04 + 0.02
2.242 0.00 = 0.02 0.26 + 0.02 0.00 = 0.02 0.08 £ 0.02
2.243 0.00 + 0.02 0.45 + 0.02 0.00 + 0.02 0.18 + 0.02
2.234 0.02 + 0.02 0.55 + 0.02 0.00 + 0.02 0.28 + 0.02
2.243 0.02 + 0.02 0.60 + 0.02 0.00 = 0.02 0.41 + 0.02
333.15 2.243 0.03 + 0.02 0.69 + 0.02 0.00 + 0.02 0.60 + 0.02
2.234 0.04 + 0.02 0.74 £ 0.02 0.00 + 0.02 0.76 + 0.02
2.232 0.03 = 0.02 0.74 £ 0.02 0.03 = 0.02 0.96 + 0.03
2.232 0.03 + 0.02 0.77 £ 0.02 0.03 + 0.02 1.23 + 0.04
2.232 0.03 £ 0.02 0.75 £ 0.02 0.02 £ 0.02 1.49 + 0.04
2.230 0.06 + 0.02 0.76 + 0.02 0.01 + 0.02 1.86 + 0.06
2.230 0.04 + 0.02  0.79 + 0.02 0.00 + 0.02 2.11 + 0.06
2.242 0.00 £ 0.05  0.10 + 0.05 0.00 + 0.05 0.06 + 0.05
2.242 0.00 = 0.05 0.25 + 0.05 0.00 = 0.05 0.13 + 0.05
2.217 0.00 + 0.05 0.25 + 0.05 0.00 + 0.05 0.15 + 0.05
2.243 0.00 +£ 0.05  0.45 + 0.05 0.00 + 0.05 0.25 + 0.05
353,15 2.234 0.04 + 0.05 0.56 + 0.05 0.00 = 0.05 0.35 £ 0.05
2.243 0.03 + 0.05 0.60 + 0.05 0.00 + 0.05 0.48 + 0.05
2.243 0.03 £ 0.05  0.70 + 0.06 0.00 + 0.05 0.69 + 0.06
2.232 0.02 + 0.05 0.74 + 0.06 0.00 + 0.05 1.04 + 0.08
2.232 0.03 + 0.05 0.70 + 0.06 0.00 + 0.05 1.48 + 0.12
2.230 0.06 = 0.05 0.75 + 0.06 0.00 = 0.05 1.97 + 0.16

continued on next page
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Table E8: continued from previous page
T MEvA34 Q;
K molgya34/kgn,0 mol; /molgyA34
pB-carbamate ~-carbamate [-vy-dicarbamate (bi)carbonate

2.217 0.00 = 0.05 0.23 + 0.05 0.00 = 0.05 0.22 + 0.05

2.217 0.00 + 0.05 0.39 + 0.05 0.00 + 0.05 0.30 + 0.05

373.15 2.237 0.02 + 0.05 048 + 0.05 0.00 + 0.05 0.49 + 0.05

2.237 0.02 £ 0.05 0.53 +£ 0.05 0.00 = 0.05 0.79 + 0.06

2.237 0.00 = 0.05 0.50 + 0.05 0.00 + 0.05 1.19 + 0.10

2.217 0.00 = 0.05 0.18 + 0.05 0.00 + 0.05 0.13 + 0.05

303.15 2.217 0.00 £ 0.05  0.29 + 0.05 0.00 + 0.05 0.29 + 0.05

2.237 0.00 = 0.05 0.34 + 0.05 0.00 = 0.05 0.49 + 0.05

2.237 0.02 + 0.05 0.37 + 0.05 0.00 + 0.05 0.70 + 0.06

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mpyazs: mo-
lality of EvA34 with the relative expanded uncertainty U, (mgvass) = 0.001 (0.99 level of confidence),
&;: loading of CO,-containing species (cf. Figure 13) with the intervals representing the standard
uncertainty u(&;). The pressure was not measured as it has no significant influence on the loadings of

CO,-containing species.

Table E9: Density and dynamic viscosity of the system (EvA34 + H,0).

T MEvA34 p U]
K molgyass/kgu,0 g/cm® mPa-s
0 0.998 1.00 + 0.01
0.374 1.000 2.09 + 0.02
1.114 1.004 7.19 + 0.07
2.224 1.005 32.43 + 0.33
3.344 1.004 94.59 + 0.95
5.008 0.998 298.44 + 3.14
7.823 0.987 921.53 £ 9.23
293.15 10.607 0.978 1515.70 + 16.01
13.403 0.969 1814.95 + 18.79
15.261 0.965 1828.85 + 19.49
19.206 0.958 1721.05 + 17.42
30.009 0.945 1091.75 + 11.27
63.476 0.928 384.81 + 3.93
159.133 0.917 148.94 + 1.56
pure EvA34 0.907 62.67 + 0.64
0 0.996 0.80 £ 0.01
0.374 0.996 1.56 + 0.03
303.15 1.114 0.999 4.70 + 0.05
2.224 0.998 17.75 + 0.18
3.344 0.997 45.43 + 0.46

continued on next page
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Table E9: continued from previous page

T MEvA34 p U]
K molgyazs/kgn,0 g/ cm? mPa-s
5.008 0.991 123.53 + 1.24
7.823 0.979 323.15 + 3.28
10.607 0.969  483.96 + 4.87
13.403 0.961 556.15 + 5.68
303,15 15.261 0.957 957.58 + 5.66
19.206 0.950 527.24 + 5.28
30.009 0.937 356.23 + 3.60
63.476 0.921 148.12 + 1.57
159.133 0.909 66.96 + 0.71
pure EvA34 0.899 32.61 + 0.34
0 0.992 0.65 + 0.01
0.374 0.992 1.23 + 0.03
1.114 0.994 3.31 £ 0.05
2.224 0.991 10.74 + 0.11
3.344 0.989 24.52 + 0.25
5.008 0.983 58.50 + 0.60
7.823 0.971 132.42 + 1.39
313.15 10.607 0.961 184.36 + 1.85
13.403 0.953 204.64 + 2.15
15.261 0.948 204.39 + 2.04
19.206 0.942 193.94 + 1.98
30.009 0.929 138.74 + 1.42
63.476 0.913 66.30 + 0.67
159.133 0.902 34.22 + 0.36
pure EvA34 0.892 18.93 + 0.19
0 0.988 0.55 = 0.01
0.374 0.988 1.01 + 0.01
1.114 0.987 2.48 + 0.04
2.224 0.983 7.02 £ 0.07
3.344 0.981 14.52 + 0.15
5.008 0.974 30.91 + 0.32
7.823 0.962 61.78 + 0.62
323.15 10.607 0.952 81.00 + 0.83
13.403 0.944 87.54 + 0.92
15.261 0.940 87.33 + 0.88
19.206 0.934 83.27 + 0.85
30.009 0.921 62.60 + 0.64
63.476 0.905 33.73 £ 0.34
159.133 0.894 19.52 + 0.20
pure EvA34 0.885 12.02 £ 0.13
333.15 0 0.983 0.47 + 0.01

continued on next page
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Table E9: continued from previous page

T MEvA34 p U]
K molgyaszs/kgn,0 g/ cm?® mPa-s
0.374 0.982 0.84 + 0.02
1.114 0.981 1.90 + 0.02
2.224 0.976 4.87 + 0.05
3.344 0.973 9.26 + 0.09
5.008 0.966 17.87 + 0.19
7.823 0.953 32.14 + 0.33
333 15 10.606 0.944 40.11 + 0.41
13.403 0.936 42.56 + 0.44
15.261 0.931 42.47 + 0.43
19.206 0.925 40.73 + 0.41
30.009 0.913 31.98 + 0.32
63.476 0.897 19.11 + 0.20
159.133 0.887 12.17 + 0.12
pure EvA34 0.878 8.18 £ 0.09
0 0.978 0.40 + 0.01
0.374 0.976 0.70 + 0.03
1.114 0.974 1.51 + 0.02
2.224 0.968 3.54 + 0.04
3.344 0.964 6.26 + 0.06
5.008 0.957 11.09 £ 0.12
7.823 0.944 18.29 + 0.19
343.15 10.607 0.935 22.01 £ 0.23
13.403 0.927 23.08 + 0.24
15.261 0.923 23.01 £ 0.24
19.206 0.917 22.22 + 0.23
30.009 0.904 18.13 + 0.18
63.476 0.889 11.83 + 0.12
159.133 0.879 8.16 + 0.09
pure EvA34 0.870 5.89 + 0.06
0 0.972 0.35 + 0.01
0.374 0.967 0.61 = 0.02
2.224 0.959 2.72 £ 0.09
3.344 0.955 4.45 + 0.05
5.008 0.948 7.32 + 0.08
7.823 0.935 11.22 £ 0.12
353.15 10.607 0.926 13.14 + 0.13
13.403 0.918 13.67 + 0.14
15.261 0.914 13.63 £ 0.14
19.206 0.908 13.25 + 0.14
30.009 0.896 11.20 £ 0.11
63.476 0.882 7.87 £ 0.08

continued on next page
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Table E9: continued from previous page

T MEvA34 p U]
K molpyass/ken ,0 & / cm? mPa-s
353,15 159.133 0.872 5.80 + 0.06
pure EvA34 0.863 4.43 + 0.04

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpyasza:
molality of EvA34 with the relative expanded uncertainty U, (mgyass) = 0.001 (0.99 level of confidence),
p: density with the standard uncertainty u(p) = 0.001 g/cm?, n: dynamic viscosity with the intervals
The experiments were performed at ambient pressure,

representing the standard uncertainty wu(n).
which was p = 977 + 20 mbar.

Table E10: Density and dynamic viscosity of the system (EvA34 + H,O + CO,).

T MEvA34 mco, p U]
K molgyazs/kgn,0 molco,/kgn,o0 g/cm? mPa-s
0.372 0.338 *090%  1.016  2.10 + 0.02
903 15 0.372 0.529 *9:0%  1.022  2.06 + 0.02
0.365 0.771 9347 1.028  1.99 + 0.02
0.374 1.049 1992 1.036  2.01 + 0.02
0.372 0.338 *0904  1.013  1.61 + 0.02
203,15 0.372 0.529 *9:095  1.019  1.59 + 0.02
0.365 0.771 9307 1.024  1.55 + 0.02
0.374 1.049 7092 1.032  1.58 + 0.02
0.372 0.338 *0904  1.009  1.27 + 0.01
313.15 0.372 0.529 *390%  1.015  1.27 + 0.01
0.365 0.771 #3987 1.020  1.25 + 0.01
0.372 0.338 *390%  1.004  1.04 + 0.01
323.15 0.372 0.529 73902 1.010  1.04 + 0.01
0.365 0.771 9347 1.016  1.03 + 0.01
233,15 0.372 0.338 *3901  0.998  0.87 + 0.01
0.372 0.529 *3902 1,004  0.88 + 0.01
343.15 0.372 0.338 *390%  0.992  0.74 + 0.01
353.15 0.372 0.338 9094 0.986  0.65 + 0.02
2.235 0.340 *390%  1.015 36.22 + 0.39
2.246 1.449 *003% 1.044 51.47 + 0.91
2.257 1.976 0042 1.057 56.85 + 2.35
903,15 2.257 2.296 *395%  1.066 61.79 + 0.64
2.257 2.661 *396%  1.073  65.36 = 0.74
2.257 3.113 20002 1.084  68.34 £ 0.72
2.247 3.603 9088 1.093  69.55 + 0.71
2.239 4.537 *0205 1109  71.38 = 0.79
203,15 2.235 0.340 *3908  1.008 19.77 + 0.21
2.246 1.449 #0985 1.037  27.60 + 0.29

continued on next page
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Table E10: continued from previous page

T MEvA34 mco, p n
K molgyaszs/kgn,0 molco,/kgn,o g/cm? mPa-s
2.257 1.976 9042 1.050  30.99 + 0.33
2.257 2.296 *395%  1.059  32.80 + 0.33
203,15 2.257 2.661 908 1.067 34.79 + 0.36
2.257 3.113 *99%2 1.077  36.70 + 0.37
2.247 3.603 9088 1.086 37.93 + 0.39
2.239 4.537 7929 1,103 40.07 + 0.41
2.235 0.340 ¥39%  1.001  11.91 + 0.12
2.246 1.449 *0832 1.030  16.29 + 0.17
2.257 1.976 10982 1.043  18.21 + 0.19
313,15 2.257 2.296 19053 1.052  19.26 = 0.19
2.257 2.661 *9052  1.060 20.44 + 0.21
2.257 3.113 7992 1.070  21.69 + 0.23
2.247 3.603 10088 1.080 22.65 = 0.23
2.239 4.537 10205 1097  24.42 + 0.25
2.235 0.340 73998 0.994  7.74 = 0.08
2.246 1.449 *3935 1.022  10.42 + 0.11
2.257 1.976 73542 1.036  11.59 + 0.12
293,15 2.257 2.296 *395%  1.045 12.25 £ 0.13
2.257 2.661 *)002  1.052  12.99 + 0.14
2.257 3.113 73572 1.063  13.83 = 0.15
2.247 3.603 *398%%  1.073 14.54 £ 0.16
2.239 4.537 7929 1.091  15.95 + 0.17
2.235 0.340 *3:908 0986  5.34 + 0.07
2.246 1.449 9038 1.015  7.09 + 0.08
2.257 1.976 *0942 1,029  7.84 + 0.08
333,15 2.257 2.296 *395%  1.037  8.29 + 0.09
2.257 2.661 *J962  1.045  8.79 + 0.09
2.257 3.113 *3972 1.056  9.38 + 0.10
2.247 3.603 *308&  1.066  9.92 + 0.10
2.239 4.537 *0205 1084 11.03 + 0.13
2.235 0.340 H009% 0978  3.87 + 0.04
2.257 1.976 19982 1.021  5.59 + 0.06
243,15 2.257 2.296 *095%  1.030  5.90 + 0.06
2.257 2.661 *J962  1.037  6.26 + 0.06
2.257 3.113 79012 1.048  6.69 + 0.07
2.247 3.603 *9-088  1.059  7.11 + 0.07
2.235 0.340 *0:3%%  0.970  2.90 + 0.05
2.257 1.976 10942 1.013  4.15 + 0.04
353.15 2.257 2.296 10053 1.022  4.38 = 0.05
2.257 2.661 *J962  1.029  4.64 + 0.05
2.257 3.113 #9912 1.041  5.03 + 0.06

continued on next page



Appendix E Numerical experimental data 181

Table E10: continued from previous page

T MEvA34 mco, p n
K molgyazs/kgn,0 molco,/ken,0 g/ cm?® mPa-s
353.15 2.247 3.603 *3088  1.051  5.22 +0.12

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpyaz4:
molality of EvA34 with the relative expanded uncertainty U, (mMgyaz4) = 0.001 (0.99 level of confidence),
mco,: molality of CO, with the intervals representing the expanded uncertainty U(mco,) (0.99 level
of confidence), p: density with the standard uncertainty u(p) = 0.001 g/cm?, n: dynamic viscosity with

the intervals representing the standard uncertainty w(n). The experiments were performed at ambient
pressure, which was p = 977 + 20 mbar.

Table E11: Liquid heat capacity of the system (EvA34 + H,0).

T MEyA34 Cp
K molgyasa/ken,o  kJ/(kgK)
0 4.152 + 0.062
0.335 + 0.001 4.111 + 0.064
0.837 + 0.001 4.100 £+ 0.066
998,15 2.230 = 0.003 3.803 = 0.058
5.008 + 0.003 3.428 + 0.059
13.403 + 0.014  2.957 + 0.045
30.009 + 0.060  2.550 + 0.044
pure EvA34 2.049 + 0.044
0 4.151 + 0.064
0.335 + 0.001 4.165 + 0.066
0.837 = 0.001 4.135 + 0.066
308.15 2.230 + 0.003 3.861 + 0.060
5.008 + 0.003 3.530 = 0.058
13.403 + 0.014  3.039 + 0.047
30.009 + 0.060  2.617 + 0.044
pure EvA34 2.090 + 0.045
0 4.159 + 0.064
0.335 + 0.001 4.192 + 0.065
0.837 + 0.001 4.150 + 0.064
318.15 2.230 = 0.003 3.904 + 0.060
5.008 + 0.003 3.613 + 0.064
13.403 + 0.014  3.122 + 0.047
30.009 + 0.060  2.675 + 0.044
pure EvA34 2.122 + 0.044
0 4.164 + 0.065
0.335 = 0.001 4.214 + 0.069
328.15 0.837 = 0.001 4.159 + 0.064
2.230 + 0.003 3.945 + 0.060
5.008 + 0.003 3.703 + 0.060

continued on next page
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Table E11: continued from previous page
T MEvA34 Cp
K molgyasa/ken,o  kJ/(kg'K)
13.403 + 0.014  3.183 = 0.051
328.15  30.009 + 0.060  2.732 + 0.045
pure EvA34 2.155 + 0.046
0 4.167 + 0.063
0.335 + 0.001  4.231 + 0.069
0.837 + 0.001  4.167 + 0.064
338,15 2.230 + 0.003  3.985 + 0.061
5.008 + 0.003  3.786 + 0.057
13.403 + 0.014  3.257 + 0.049
30.009 + 0.060  2.790 + 0.046
pure EvA34 2.193 + 0.047
0 4.175 + 0.066
0.335 + 0.001  4.251 + 0.073
0.837 + 0.001  4.174 + 0.064
348.15 2.230 £ 0.003  4.026 + 0.061
5.008 + 0.003  3.859 + 0.059
13.403 + 0.014  3.325 + 0.053
30.009 + 0.060  2.851 + 0.049
pure EvA34 2.238 + 0.046
T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpgyasa:

molality of EvA34 with the intervals representing the standard uncertainty w(mgyasa), ¢p: liquid heat
capacity with the intervals representing the standard uncertainty u(c,). The pressure inside the pans

was not measured as it has no significant influence on the measured c, values.

Table E12: Vapor pressure of pure EvA34.

T: temperature with the intervals representing the standard uncertainty w(T'), p®:
EvA34 with the intervals representing the standard uncertainty u(p®).

T p°

K mbar
486.31 + 0.18 49.94 + 2.31
482.38 + 0.23 40.33 + 2.17
479.55 + 0.21 29.82 + 2.01
474.01 + 0.17 20.11 + 1.87

S

vapor pressure of



Appendix E Numerical experimental data

183

Table E13: Density and dynamic viscosity of the system (MDEA + PZ).

T P n

K g/cm? mPa-s
293.15 1.036 150.46 + 1.50
303.15  1.029 79.46 £ 0.91
313.15  1.021 45.07 + 0.56
323.15 1.014 27.24 £ 0.34
333.15  1.006 17.41 + 0.23
343.15  0.999 11.68 + 0.18
353.156  0.991 8.18 + 0.12
363.15  0.983 5.93 = 0.09

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), The mass
fraction of MDEA in the mixture was wypega = 0.874 with the relative expanded uncertainty
U, (Wumpra) = 0.01 (0.99 level of confidence), p: density with the standard uncertainty u(p) = 0.001
g/cm?®, n: dynamic viscosity with the intervals representing the standard uncertainty u(n). The exper-
iments were performed at ambient pressure, which was p = 977 + 20 mbar.

Table E14: Density and dynamic viscosity of the system (MDEA + PZ + H,0).

T TMMDEA mpy, p n

K molMDEA/kgH2o molpz/kgHgo g/cm3 mPa-s
293.15 1.037 7.37 £ 0.07
303.15 1.032  4.92 + 0.07
313.15 1.026 3.47 + 0.05
323.15 4.912 1.022 1.019 2.56 + 0.04
333.15 1.013  1.96 £ 0.04
343.15 1.006 1.54 = 0.03
353.15 0.998 1.24 + 0.02

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mypra molality
of MDEA with the relative expanded uncertainty U, (@wypgra) = 0.001 (0.99 level of confidence), mpy
molality of PZ with the relative expanded uncertainty U, (wpz) = 0.001 (0.99 level of confidence),
p: density with the standard uncertainty u(p) = 0.001 g/cm?®, : dynamic viscosity with the intervals
representing the standard uncertainty w(n).
which was p = 977 + 20 mbar.

The experiments were performed at ambient pressure,
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E.3 System (EvA25 4+ H,O + CO,)

Table E15: Liquidus temperatures of the system (EvA25 + H,O + CO,).

MEVA25 mco, Ttreeze
molgya2s/kgn,0 molco,/kgn,o0 K
2.001 2.100 n.a.
2.001 2.461 n.a.
2.001 2.678 n.a.
2.001 2.850 n-a
2.001 2.995 n-a.
2.001 3.130 n.a.
2.001 3.322 n-a.
2.001 3.547 n-a.
2.001 3.862 n.a.
2.182 2.020 n.a.
2.182 2.343 314.2 £ 5.0
2.186 2.370 316.2 + 3.0
2.182 2.711 320.2 £ 5.0
2.186 2.766 321.2 + 3.0
2.182 2.911 320.2 + 5.0
2.186 3.185 n.a.
2.182 3.264 n-a.
2.182 3.619 n.a.
2.186 3.644 n-a.
2.277 1.128 n-a.
2.277 1.458 n-a.
2.277 1.825 n.a.
2.277 2.200 316.2 = 5.0
2.277 2.563 320.7 + 5.0
2.277 2.579 318.7 £ 3.5
2.277 2.938 323.7 £ 4.5
2.277 2.993 320.7 £ 5.0
2.277 3.286 322.2 £ 5.0
2.277 3.389 n-a.
2.277 3.665 n.a.
2.277 3.753 325.2 £ 5.0
2.277 4.031 n-a.
2.277 4.408 n.a.
2.277 4.754 n-a.
2.474 0.768 n-a
2.474 1.565 n-a.
2.475 1.890 313.7 + 4.5

continued on next page
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Table E15: continued from previous page

MEvA25 mco, Ttreeze
molgya2s/kgn,0  molco, /kgn,o K
2.475 2.066 313.7 + 4.5
2.475 2.133 315.7 + 3.5
2.475 2.294 316.7 + 3.5
2.474 2.319 323.2 + 5.0
2.474 2.379 325.2 £ 5.0
2.475 2.458 322.7 + 3.5
2.474 2.500 323.2 + 5.0
2.474 2.594 325.2 + 3.0
2.474 2.670 331.2 + 4.0
2.474 2.755 329.7 + 3.5
2.475 2.815 328.7 + 4.5
2.475 3.231 330.7 + 3.5
2.474 3.460 332.7 £ 3.5
2.475 3.619 328.7 + 4.5
2.474 3.772 333.2 £ 5.0
2.475 3.845 330.7 + 3.5
2.474 3.995 330.2 £ 5.0
2.474 4.030 328.2 + 5.0
2.475 4.156 323.2 £ 5.0
2.474 4.189 n-a.
2.475 4.508 n-a.
2.474 4.726 n.a.
2.475 4.780 294.2 + 5.0
2.475 4.954 n-a.
2.475 5.106 n.a.
2.475 5.308 n-a.
2.474 5.357 n.a.
3.035 0.873 n.a.
3.035 1.341 n.a.
3.035 1.497 n-a.
3.037 1.538 n.a.
3.037 1.657 292.2 + 22.0
3.035 1.664 313.2 + 3.0
3.037 2.060 319.7 + 3.5
3.035 2.073 318.7 + 3.5
3.035 2.472 330.2 + 5.0
3.037 2.479 326.7 + 4.5
3.037 2.904 331.7 + 3.5
3.037 3.720 338.7 £ 3.5
3.037 4.155 341.7 £ 3.5
3.035 4.397 342.7 + 3.5

continued on next page
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Table E15: continued from previous page

MEvA25 mco, Threeze
molgya2s/kgn,0  molco, /ken,o K
3.035 4.990 342.7 £ 3.5
3.035 5.396 342.7 + 3.5
3.037 5.601 331.7 £ 3.5
3.037 5.797 333.7 £ 3.5
3.035 5.909 n.a.
3.037 6.244 337.7 £ 3.5
4.530 1.217 n.a.
4.540 1.545 316.7 £ 3.5
4.540 2.085 325.7 £ 3.5
4.530 2.337 328.2 + 3.0
4.530 3.560 337.7 £ 3.5
4.530 4.745 349.2 + 4.4
4.530 9.683 348.7 £ 7.5
4.530 6.781 350.5 + 7.2
4.530 7.290 3525 £ 7.0
4.540 7.424 353.7 £ 6.5
4.540 7.619 351.7 £ 85
8.656 2.127 n.a.
8.656 2.666 336.7 £ 4.5
8.656 2.949 338.7 £ 3.5
8.656 3.008 332.7 £ 3.5
8.656 3.553 337.7£5.5
8.656 3.923 344.7 £ 3.5
8.656 4.059 343.7 £ 3.5
8.656 4.783 348.7 £ 3.5
8.656 5.861 351.2 £ 7.1
8.656 6.047 351.2 + 6.6
8.656 6.109 351.2 £ 6.6
8.656 6.183 351.7+ 7.5

MpEvazs: molality of EvA25 with the relative expanded uncertainty U, (mgya25) = 0.001 (0.99 level of
confidence), mco,: molality of CO, with the relative expanded uncertainty U, (mco,) = 0.01 (0.99 level
of confidence). Tieeze: liquidus temperature with the intervals representing the standard uncertainty
w(Ttreeze)- The pressure was not measured as it has no significant influence on the measured freezing
point temperatures. "*no solids were observed in the investigated temperature range.




Appendix E Numerical experimental data 187

Table E16: Liquidus temperature of the system (EvA25 + CO,).

&COQ Ttreeze
molco, /molgya2s K

0.014 285.2 £ 15.0
0.048 331.7 £ 13.5
0.065 350.7 £ 7.5
0.130 352.7 £ 9.5
0.148 351.7 £ 10.5
0.192 354.7 £ 9.5
0.238 354.7 + 11.5
0.273 350.7 £ 17.5

aco,: COy-loading with the relative expanded uncertainty U,.(dco,) = 0.01 (0.99 level of confidence).
Ttreeze: liquidus temperature with the intervals representing the standard uncertainty w(ZTfeese). The
pressure was not measured as it has no significant influence on the measured freezing point temperatures.

Table E17: Liquid-liquid equilibrium of the system (EvA25 + H,O0).

aqueous phase

organic phase

T Wi, 0 WH,0

K g/s 8/8
342.30 + 0.11  0.776  0.014  0.554 + 0.016
343.19 + 0.10  0.855 + 0.011  0.447 + 0.012
344.99 + 0.21  0.876 + 0.017  0.377 + 0.013
347.32 + 0.51  0.918 + 0.011  0.341 + 0.029
348.15 = 0.10  0.920 + 0.010  0.291 + 0.028
350.84 + 0.43  0.931 = 0.012  0.251 + 0.067
353.03 + 0.62  0.943 + 0.012  0.192 = 0.035
357.11 + 0.63  0.952 + 0.011  0.149 + 0.033
362.57 + 0.37  0.962 + 0.013  0.125 + 0.025
372.66 =+ 0.18  0.973 + 0.011  0.093 + 0.020
382.55 + 0.33  0.979 + 0.010  0.077 + 0.022
392.78 + 0.26  0.981 + 0.011  0.072 + 0.041
402.39 + 0.24  0.984 + 0.011  0.061 + 0.022

T temperature with the intervals representing the standard uncertainty u(7'), wn,o0: mass fraction of
Hy0 with the intervals representing the standard uncertainty u(wn,0). The pressure inside the cell
was not measured as it has no significant influence on the measured compositions.
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Table E18: Liquid-liquid equilibrium of the system (EvA25 + H,O + CO,).

aqueous phase

organic phase

WH, O
g/e

wco,
g/

WH, 0
g/e

weo,
g/

338.27
338.20
338.24

0.561 + 0.010
0.544 + 0.010
0.540 + 0.010

0.052 = 0.016
0.056 + 0.016
0.062 + 0.016

0.203 + 0.020
0.161 + 0.020
0.147 + 0.020

0.006 + 0.017
0.010 £ 0.017
0.005 + 0.017

343.24
343.26
343.20
343.17
343.21
343.09
343.15
343.16

0.748 + 0.010
0.739 + 0.010
0.598 + 0.010
0.580 + 0.010
0.569 + 0.010
0.524 + 0.010
0.519 + 0.010
0.511 + 0.010

0.009 = 0.015
0.014 = 0.015
0.053 = 0.016
0.061 = 0.016
0.066 = 0.016
0.086 + 0.017
0.087 + 0.017
0.092 £ 0.017

0.404 + 0.010
0.267 + 0.020
0.174 + 0.020
0.152 + 0.020
0.134 £ 0.020
0.152 + 0.020
0.146 + 0.020
0.125 + 0.020

0.003 = 0.016
0.003 + 0.016
0.002 £ 0.017
0.005 + 0.017
0.006 + 0.017
0.005 + 0.017
0.006 + 0.017
0.003 + 0.017

348.14
348.22
348.16
348.12
348.11
348.15
348.12
349.07
348.10

0.832 £ 0.010
0.851 + 0.010
0.834 £ 0.010
0.787 + 0.010
0.664 + 0.010
0.632 + 0.010
0.606 + 0.010
0.591 + 0.010
0.537 + 0.010

0.011 = 0.015
0.016 = 0.015
0.016 = 0.015
0.020 = 0.015
0.043 = 0.015
0.053 + 0.016
0.062 = 0.016
0.066 = 0.016
0.087 + 0.017

0.266 + 0.020
0.194 + 0.020
0.185 + 0.020
0.272 £ 0.020
0.182 + 0.020
0.142 + 0.020
0.138 + 0.020
0.119 + 0.020
0.102 + 0.020

0.000 + 0.016
0.000 + 0.017
0.001 + 0.017
0.002 = 0.016
0.002 + 0.017
0.004 + 0.017
0.004 £ 0.017
0.005 + 0.017
0.004 £ 0.017

352.99
353.08
352.94
353.24
353.13
353.08
353.31
353.07
353.03
353.07
353.21
353.46
353.22
353.17

0.849 + 0.010
0.833 + 0.010
0.829 + 0.010
0.792 £ 0.010
0.754 + 0.010
0.685 + 0.010
0.589 + 0.010
0.544 + 0.010
0.539 + 0.010
0.566 + 0.010
0.543 + 0.010
0.531 + 0.010
0.554 + 0.010
0.500 < 0.010

0.013 = 0.015
0.015 = 0.015
0.015 = 0.015
0.026 = 0.015
0.030 = 0.015
0.042 £ 0.015
0.080 = 0.016
0.088 + 0.017
0.092 + 0.017
0.093 + 0.017
0.100 + 0.017
0.100 + 0.017
0.101 £ 0.017
0.113 £ 0.017

0.214 + 0.020
0.171 + 0.020
0.203 + 0.020
0.149 + 0.020
0.190 + 0.020
0.138 + 0.020
0.142 + 0.020
0.086 + 0.020
0.080 + 0.020
0.131 + 0.020
0.074 + 0.020
0.074 £ 0.020
0.075 + 0.020
0.060 + 0.020

0.000 + 0.017
0.000 + 0.017
0.000 + 0.017
0.000 + 0.017
0.000 + 0.017
0.001 + 0.017
0.004 £ 0.017
0.004 + 0.017
0.004 + 0.017
0.003 + 0.017
0.000 + 0.017
0.005 + 0.017
0.001 £ 0.017
0.004 + 0.017

373.22
372.96
372.44
373.03

0.898 + 0.010
0.881 + 0.010
0.876 + 0.010
0.801 + 0.010

0.013 £ 0.015
0.014 = 0.015
0.017 = 0.015
0.024 = 0.015

0.105 + 0.020
0.097 + 0.020
0.142 + 0.020
0.097 + 0.020

0.000 + 0.017
0.000 + 0.017
0.000 + 0.017
0.000 + 0.017

continued on next page
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Table E18: continued from previous page

aqueous phase

organic phase

T
K

WH,0
g/e

wco,
g/g

WH,0
g/e

wco,
g/g

372.90
373.14
373.17
373.11
373.13
373.35
373.22
373.24
373.27
373.20

0.819 £ 0.010
0.786 + 0.010
0.755 + 0.010
0.738 + 0.010
0.634 + 0.010
0.614 <+ 0.010
0.581 + 0.010
0.557 + 0.010
0.542 £ 0.010
0.497 + 0.010

0.028 = 0.015
0.036 = 0.016
0.042 = 0.016
0.056 + 0.017
0.063 = 0.016
0.077 + 0.016
0.086 + 0.017
0.088 + 0.017
0.097 + 0.017
0.112 £ 0.017

0.129 + 0.020
0.121 + 0.020
0.147 £ 0.020
0.084 + 0.020
0.113 + 0.020
0.138 + 0.020
0.068 + 0.020
0.119 + 0.020
0.055 + 0.020
0.058 + 0.020

0.000 + 0.017
0.000 + 0.017
0.000 + 0.017
0.001 £ 0.017
0.003 + 0.017
0.005 + 0.017
0.005 + 0.017
0.005 + 0.017
0.001 £ 0.017
0.018 £ 0.017

393.18
392.60
393.20
392.76
392.83
392.96
392.76
393.08
393.14
393.14
393.22
393.19
393.16
393.14
393.17

0.914 £ 0.010
0.896 + 0.010
0.916 + 0.010
0.840 + 0.010
0.841 + 0.010
0.807 + 0.010
0.788 + 0.010
0.770 = 0.010
0.790 + 0.010
0.668 + 0.010
0.662 + 0.010
0.613 + 0.010
0.593 + 0.010
0.567 + 0.010
0.539 + 0.010

0.013 + 0.015
0.016 = 0.015
0.017 = 0.015
0.026 + 0.015
0.028 = 0.015
0.036 = 0.016
0.040 + 0.016
0.045 = 0.016
0.050 + 0.017
0.065 = 0.016
0.070 + 0.016
0.076 + 0.016
0.091 + 0.017
0.098 + 0.017
0.106 + 0.017

0.100 + 0.020
0.133 + 0.020
0.095 + 0.020
0.119 + 0.020
0.136 + 0.020
0.119 £ 0.020
0.139 + 0.020
0.123 + 0.020
0.061 < 0.020
0.126 + 0.020
0.064 + 0.020
0.064 + 0.020
0.075 + 0.020
0.064 + 0.020
0.070 + 0.020

0.000 + 0.017
0.000 £ 0.017
0.000 + 0.017
0.000 + 0.017
0.004 + 0.017
0.000 + 0.017
0.004 + 0.017
0.000 + 0.017
0.000 + 0.017
0.008 + 0.017
0.002 £ 0.017
0.003 + 0.017
0.002 + 0.017
0.001 £ 0.017
0.009 + 0.017

T temperature with the expanded uncertainty U(T') = 0.1 K (0.99 level of confidence), 1ng,0: mass
fraction of H,O with the intervals representing the standard uncertainty u(tDH2o), Wco,: mass fraction
of CO, with the intervals representing the standard uncertainty u(wco,). The pressure inside the cell
was not measured as it has no significant influence on the measured compositions.

Table E19: CO,-solubility in the system (EvA25 + H,O 4+ CO,) in the low pressure

region.

T MEvA25 mco, Pco,

K molgyass/kegn,0 molco,/kegn,o mbar
313.16 0.685 1.018 *5-028 27.14 = 0.21
313.16 0.680 1.095 *0-03% 43.34 + 0.36
313.16 0.668 1.147 #3020 61.60 + 0.97
313.16 0.668 1.230 *5-02¢ 112.65 + 1.62

continued on next page
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Table E19: continued from previous page

T MEyA25 mco, PCo,

K molgyazs/ken,0 molco,/ken,o mbar
313.17 0.668 1.269 *9-930 161.19 + 3.66
313.19 0.694 1.365 £0-933 301.79 + 7.92
313.20 0.694 1.387 30038 375.75 + 15.45
313.14 0.681 1.411 23032 539.16 + 15.62
313.16 0.680 1.419 7307 569.21 + 30.18
313.16 0.680 1.424 #0838 636.08 + 11.43
353.16 0.681 0.277 3009 24.24 + 0.56
353.16 0.681 0.427 3089 41.14 £ 0.94
353.16 0.681 0.554 *3-01 58.66 + 0.70
353.19 0.678 0.669 *0-9%5 87.86 + 2.31
353.19 0.678 0.837 *9-039 154.20 + 2.35
353.17 0.678 0.967 *0-023 252.08 + 3.13
353.19 0.678 1.078 +3:022 418.01 + 3.80
353.20 0.685 1.175 +9:028 675.94 + 9.30
353.19 0.678 1.232 #0025 1101.39 + 14.48
393.16 0.694 0.097 *3-902 95.71 + 3.54
393.15 0.690 0.144 9393 165.71 + 4.77
393.15 0.685 0.186 *J:901 245.38 + 5.30
393.14 0.690 0.246 *0:00¢ 354.76 + 5.99
393.15 0.685 0.291 *3907  439.77 + 20.94
393.14 0.685 0.330 *3:998 542.28 + 8.50
393.15 0.690 0.350 Z050%  592.71 = 35.28
393.15 0.690 0.356 73907  603.52 + 27.71
393.14 0.690 0.372 909 654.66 + 15.27
393.18 0.694 0.389 3-89 698.91 + 7.43
313.18 2.022 2.483 0% 25.14 + 0.46
313.16 2.022 3.001 *9:973 39.88 + 0.99
313.16 2.022 3.050 *3971 42.08 + 0.70
313.16 2.026 3.214 3078 52.94 + 1.15
313.18 2.022 3.227 0012 51.41 + 0.58
313.17 2.022 3.499 0979 85.12 + 2.09
313.19 2.006 3.662 *0-058 127.02 + 1.43
313.18 2.006 3.878 1049 262.00 + 8.53
313.18 2.006 3.958 9096 332.39 + 15.60
313.18 2.006 4.123 0092 514.35 + 7.17
313.18 2.006 4.245 *0098  712.30 + 24.38
353.13 2.004 0.420 *3-999 36.38 + 1.59
353.11 2.004 0.647 *0:-047 66.34 + 1.07
353.13 2.004 0.951 *9-083 113.64 + 2.14
353.13 2.004 1.269 *5:022 176.83 + 3.65
353.16 2.026 1.593 *0-937  233.90 + 1.92

continued on next page
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Table E19: continued from previous page

T MEvA25 mco, PCo,

K molgya2s/kgn,0  molco, /ken,o mbar
353.17 2.026 1.739 #3912 259.44 + 8.81
353.16 2.026 2.155 3948 391.51 + 6.14
353.16 2.026 2.679 75099 518.40 + 6.76
353.13 2.004 2.939 9072 683.83 + 8.58
393.15 2.013 0.070 *5-392 59.26 + 1.37
393.15 2.085 0.088 *3-902 78.99 + 2.74
393.15 2.013 0.132 #0602 144.61 + 3.18
393.15 2.013 0.186 *3-99¢ 247.00 + 3.43
393.16 2.085 0.249 9096 359.97 + 17.50
393.16 2.085 0.276 *390%  419.20 = 17.03
393.15 2.085 0.336 70908 539.67 + 21.51
393.12 2.085 0.416 =000 707.16 + 3.10

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpya2s:
molality of EvA25 with the relative expanded uncertainty U,.(mgya2s) = 0.001 (0.99 level of confidence),
mco,: molality of CO, with the intervals representing the expanded uncertainty U(mco,) (0.99 level
of confidence). pco,: partial pressure of CO, with the intervals representing the standard uncertainty

u(pco,)-

Table E20: CO,-solubility in the system (EvA25 + H,O + CO,) in the high pressure

region.
T MEvA25 mco, p
K molgya2s/kgn,0  molco,/kgn,o bar
313.13 1.730 4.610 £ 0.145
313.18 1.845 7.823 + 0.031
313.15 2.083 14.435 + 0.067
313.19 2.270 22.077 + 0.048
313.17 0.685 2.392 28.478 + 0.119
313.13 2.500 32.790 + 0.054
313.25 2.617 42.453 + 0.079
313.23 2.743 51.712 + 0.285
313.09 2.911 66.451 + 0.326
313.08 2.969 76.496 + 0.305
353.15 1.397 4.881 + 0.019
353.16 1.469 7.369 + 0.047
353.15 1.575 11.736 + 0.029
353.16 0.685 1.619 14.074 + 0.040
353.16 1.683 17.213 + 0.042
353.12 1.732 20.873 + 0.083
353.20 1.895 30.865 + 0.044

continued on next page
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Table E20: continued from previous page

T MEvA25 mco, D
K molgya2s/kgn,0 moloo,/kgn,o bar
353.20 1.996 40.985 + 0.088
353.07 0.635 2.138 51.570 + 0.129
353.11 2.259 62.572 £ 0.072
353.17 2.360 74.519 + 0.190
392.90 1.033 6.309 + 0.026
393.36 1.163 9.298 + 0.022
393.05 1.258 13.788 + 0.027
393.24 1.401 21.385 + 0.065
393.15 0.683 1.470 28.801 + 0.098
393.19 1.540 32.936 + 0.068
393.36 1.603 38.374 + 0.131
393.17 1.671 49.258 + 0.170
393.09 1.814 60.099 + 0.090
393.15 1.903 70.642 + 0.143
313.30 4.662 3.622 + 0.024
313.38 5.090 7.528 + 0.015
313.31 5.262 9.763 + 0.017
313.33 9009 5.617 15.699 + 0.021
313.09 5.736 19.561 + 0.033
313.36 6.016 31.174 + 0.038
313.34 6.313 48.736 + 0.054
313.36 6.592 73.853 + 0.078
353.42 3.748 3.704 £ 0.109
353.13 4.092 6.387 + 0.032
353.16 4.228 9.829 + 0.120
353.14 9009 4.630 19.879 + 0.101
353.15 4.793 28.600 + 0.154
353.15 4.817 30.323 + 0.162
353.13 5.268 51.674 + 0.153
353.16 5.527 71.306 + 0.547
393.20 1.093 4.643 + 0.035
393.42 9 025 1.412 5.802 + 0.047
393.39 1.796 7.408 + 0.111
393.25 2.380 9.900 + 0.086
393.30 3.060 14.027 + 0.092
392.92 3.561 18.436 + 0.047
392.95 2.009 3.825 26.083 + 0.060
393.28 3.939 32.224 + 0.100
393.31 4.428 64.485 + 0.754
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Table E20: continued from previous page

T
K

MEvA25

molgya2s/kgn,0  molco,/kgn,o

mco,

p
bar

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mgya25: mo-
lality of EvA25 with the relative expanded uncertainty U, (mgya2s) = 0.001 (0.99 level of confidence),
mco,: molality of COy with the relative expanded uncertainty U,.(mco,) = 0.001 (0.99 level of confi-
dence). p bubble point pressure with the intervals representing the standard uncertainty u(p).

Table E21: pK-values of EvA25 highly diluted in H,O.

T MEvA25 MHCI MNaOH DK
K molgya2s/kgn,0 moluci/kgn,0 molnaon/kegn,o

20.37 + 0.22 0.033 + 0.001 0.134 + 0.002 0.114 + 0.001 10.90 <+ 0.10
pK. 39.95 + 0.25 0.029 + 0.002 0.137 £ 0.005 0.118 + 0.005 10.25 + 0.15
“ 60.35 + 0.45 0.028 + 0.004 0.138 + 0.001 0.120 + 0.002 9.80 + 0.20
79.33 + 0.33 0.033 £ 0.000 0.142 + 0.003 0.121 + 0.002 9.50 + 0.10
20.30 £ 0.18 0.034 + 0.001 0.138 £ 0.002 0.085 + 0.001 9.80 + 0.10
e 39.95 + 0.25 0.030 + 0.002 0.141 + 0.006 0.093 + 0.002 9.25 + 0.15
7 60.68 + 0.63 0.029 + 0.004 0.142 + 0.000 0.096 + 0.007 8.75 £ 0.15
79.85 + 0.25 0.034 + 0.000 0.147 + 0.003 0.093 + 0.002 8.40 + 0.10
20.43 + 0.15 0.035 + 0.001 0.143 + 0.002 0.053 + 0.001 6.77 = 0.15
N 39.95 + 0.25 0.031 + 0.002 0.145 + 0.006 0.067 + 0.000 6.35 £ 0.15
61.05 + 0.85 0.030 + 0.005 0.146 + 0.000 0.070 + 0.011 5.90 = 0.10
80.25 + 0.15 0.035 £ 0.000 0.152 £ 0.003 0.062 + 0.002 5.60 £ 0.10

T: temperature with the intervals representing the standard uncertainty w(7T'), Mmgya2s: molality of
EvA25 with the intervals representing the standard uncertainty u(mpgya2s), Muci: molality of HCI
with the intervals representing the standard uncertainty u(mpci), Mnaon: molality of NaOH with the
intervals representing the standard uncertainty u(myaon), pK: molal activity based pK-value with the
intervals representing the standard uncertainty u(pK). The Greek letter indicates the corresponding
amino group as shown in Figure 1. The experiments were performed at ambient pressure, which was
p = 977 £ 20 mbar.

Table E22: pH-values of the system (EvA25 + H,0).

T MEvA25
pH
K molgya2s/kgn,0
0.0037 11.11 £+ 0.14
0.0111 11.32 + 0.12
998.15 0.0185 11.52 £ 0.12
0.0369 11.66 + 0.14
0.0744 11.88 + 0.14
0.1485 11.96 + 0.12
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Table E22: continued from previous page

T MEvA25
pH
K molgya2s/kgn,o
0.4124 12.26 = 0.14
298.15 1.0474 12.46 + 0.12
1.9985 12.72 + 0.14
0.0037 10.61 + 0.11
0.0111 10.87 £ 0.11
0.0185 11.05 £ 0.14
0.0369 11.18 + 0.13
313.15 0.0744 11.37 + 0.13
0.1485 11.49 £ 0.12
0.4124 11.76 + 0.12
1.0474 11.91 + 0.14
1.9985 12.13 + 0.13
0.0037 9.67 + 0.15
0.0111 9.95 + 0.12
353 15 0.0185 10.16 + 0.15
0.0369 10.26 + 0.16
0.0744 10.48 + 0.13
0.1485 10.52 £ 0.15
0.0037 8.99 + 0.20
393.15 0.0111 9.24 + 0.19
0.0185 9.21 £ 0.12
0.0369 9.39 £ 0.24

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpya2s:
molality of EvA25 with the relative expanded uncertainty U,.(mgya2s) = 0.001 (0.99 level of confidence),
pH: molal activity based pH-value with the intervals representing the standard uncertainty w(pH). The
pressure was not measured as it has no significant influence on the measured pH-values.

Table E23: pH-values of the system (EvA25 + H,O + CO,).

T MEvA25 mco, o
K molgyazs/kegn,0 molco,/kegn,o P
0.419 0.000 *3:900 12.39 + 0.12
0.419 0.177 23908 10.77 £ 0.11
0.419 0.359 0021 10.22 + 0.12
903,15 0.412 0.542 *-999  9.78 + 0.15
0.416 0.558 *0083  9.67 = 0.10
0.422 0.721 34000 9.14 £ 0.11
0.416 0.790 *3545  8.74 + 0.11
0.411 0.912 3000  7.99 + 0.15
333.15 0.419 0.000 *3:9%  11.00 + 0.11
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Table E23: continued from previous page

T MEvA25 mco, pH
K molgya2s/kgn,0  molco, /ken,o
0.419 0.177 *0608  9.84 + 0.12
0.419 0.359 *0651  9.46 = 0.11
0.412 0.542 30000 9.12+0.15
333.15 0.416 0.558 *00a3  9.09 + 0.24
0.422 0.721 ¥93%¢ 857 + 0.12
0.416 0.790 *0065  8.13 +0.16
0.411 0.912 X000 7.49 £ 0.15
0.422 0.721 B3¢ 7.79 £ 0.19
373.15 0.416 0.790 *0985  7.68 + 0.16
0.411 0.912 *0-500 723 £0.15
0.663 0.000 *3500  12.38 + 0.11
0.685 0.186 *3:904  11.14 + 0.10
0.694 0.389 20007 10.70 + 0.14
0.663 0.568 *0:030  10.25 + 0.15
903,15 0.678 0.837 73920 9.87 + 0.15
0.665 1.025 08008 9.42 +0.14
0.655 1.150 20900 9.02 + 0.15
0.668 1.230 ¥0:9%¢  8.79 + 0.10
0.680 1.334 #0038 8.52 +0.19
0.654 1.442 300 8.02 + 0.15
0.663 0.000 *3:9%  11.17 + 0.19
0.685 0.186 *3:99%  10.17 + 0.10
0.694 0.389 *06007  9.82 £ 0.12
0.663 0.568 20050  9.46 + 0.15
233,15 0.678 0.837 73929 9.11 + 0.17
0.665 1.025 5005 8.75+ 0.14
0.655 1.150 *3-900  8.21 £ 0.15
0.668 1.230 #0038 8.14 + 0.10
0.680 1.334 #0928 7.93 + 0.18
0.654 1.442 #0000 7.53 + 0.15
0.665 1.025 23950 7.90 + 0.22
373.15 0.668 1.230 X008 7.59 + 0.15
0.654 1.442 300 7.34 £ 0.15
2.023 0.000 *3:505  12.69 + 0.12
2.085 0.249 *0:006  11.45 + 0.10
2.004 0.647 *398T  11.05 + 0.16
90315 2.023 1.214 70089 10.76 + 0.16
2.026 1.593 0037 10.61 + 0.20
1.993 2.357 *3031 1021 = 0.11
2.026 2.679 *3960  10.02 + 0.10
2.023 3.499 *0-919  9.64 + 0.17
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T

MEyA25

mco,

K molgya2s/kgn,0  molco, /ken,o pH
1.999 3.860 X000 9.02+0.15
903,15 2.030 4.006 *0222 887 + (.18
1.998 4.384 )61 839+ 0.15
2.030 4.812 ¥)20%  7.98 +0.16
2.023 0.000 *3:9%  11.02 + 0.13
2.085 0.249 #0006 10.23 + 0.11
2.004 0.647 *000¢  9.85 + 0.13
2.023 1.214 20989 9.59 + 0.17
2.026 1.593 #3937 9.47 + 0.15
233,15 1.993 2.357 20433 9.09 + 0.22
2.026 2.679 10099 9.07 £ 0.10
2.023 3.499 X067 8.71 + 0.17
1.999 3.860 10001 821+ 0.15
2.030 4.006 75322 8.10 + 0.17
1.998 4.384 *0-001 7.73 £ 0.15
2.023 4.812 121 739 £ 0.17
27315 2.023 3.499 010 7.78 £ 0.18
1.998 4.384 )01 737+ 0.15

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpya2s:
molality of EvA25 with the relative expanded uncertainty U, (mgya2s) = 0.001 (0.99 level of confidence),
mco,: molality of CO, with the intervals representing the expanded uncertainty U(mco,) (0.99 level of
confidence), pH: molal activity based pH-value with the intervals representing the standard uncertainty
u(pH). The pressure was not measured as it has no significant influence on the measured pH-values.

Table E24: Loading of CO,-containing species in the system (EvA25 + H,O + CO,).

T MEvA25 Q;
K molgyazs/ken,o mol; /molgy 25
B-carbamate (bi)carbonate
0.663 0.02 + 0.02 0.42 + 0.02
0.663 0.07 + 0.02 0.69 + 0.02
0.663 0.09 + 0.02 0.82 = 0.02
993.15 0.663 0.19 + 0.02 1.14 + 0.03
0.665 0.25 + 0.02 1.38 £ 0.04
0.695 0.29 £ 0.02 1.57 + 0.05
0.665 0.29 + 0.02 2.01 £ 0.06
0.665 0.24 £ 0.02 2.28 + 0.07
0.663 0.02 £ 0.02 0.43 + 0.02
313.15 0.663 0.07 £ 0.02 0.67 = 0.02
0.663 0.09 + 0.02 0.91 + 0.03

continued on next page
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Table E24: continued from previous page

T MEvA25 Q;
K molgya25/kgn,0 mol; /molgya2s
p-carbamate (bi)carbonate
0.663 0.15 + 0.02 1.20 + 0.04
0.665 0.18 £ 0.02 1.46 + 0.04
313.15 0.695 0.20 + 0.02 1.60 + 0.05
0.665 0.21 + 0.02 1.94 £ 0.06
0.665 0.18 + 0.02 2.24 + 0.07
0.663 0.00 = 0.02 0.39 + 0.02
0.663 0.05 + 0.02 0.76 + 0.02
0.663 0.07 = 0.02 0.86 + 0.03
333.15 0.663 0.11 + 0.02 1.27 £ 0.04
0.665 0.15 + 0.02 1.50 £ 0.05
0.695 0.16 = 0.02 1.71 £ 0.05
0.665 0.16 + 0.02 2.09 £ 0.06
0.665 0.12 + 0.05 1.58 £ 0.13
0.655 0.14 + 0.05 1.81 £+ 0.14
353.15 0.665 0.14 £ 0.05 1.94 £ 0.16
0.665 0.15 + 0.05 1.97 £ 0.16
0.654 0.13 £ 0.05 1.94 + 0.16
0.655 0.08 + 0.05 1.67 + 0.13
373 15 0.665 0.06 = 0.05 1.70 £ 0.14
0.665 0.06 + 0.05 1.60 + 0.13
0.654 0.07 + 0.05 1.89 + 0.15
2.023 0.04 £ 0.02 0.25 + 0.02
2.023 0.10 + 0.02 0.52 + 0.02
1.993 0.24 + 0.02 0.97 + 0.03
99315 1.993 0.36 = 0.02 1.24 + 0.04
2.030 0.38 = 0.02 1.62 + 0.05
2.030 0.29 + 0.02 2.15 £ 0.06
2.008 0.24 £ 0.02 2.44 £ 0.07
2.008 0.24 + 0.02 2.40 £ 0.07
2.023 0.04 + 0.02 0.26 + 0.02
2.023 0.09 + 0.02 0.53 + 0.02
313 15 1.993 0.20 + 0.02 1.04 £ 0.03
1.993 0.28 + 0.02 1.37 £ 0.04
2.030 0.32 + 0.02 1.69 + 0.05
2.030 0.25 + 0.02 2.16 + 0.06
2.023 0.03 + 0.02 0.26 + 0.02
2.023 0.07 + 0.02 0.53 + 0.02
333.15 1.993 0.16 + 0.02 1.06 + 0.03
1.993 0.22 £ 0.02 1.35 £ 0.04
2.030 0.27 + 0.02 1.75 £ 0.05

continued on next page
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Table E24: continued from previous page

T MEvA25 Q;
K molgya25/kgn,0 mol; /molgya2s
p-carbamate (bi)carbonate
333.15 2.030 0.20 + 0.02 2.15 £ 0.06
2.030 0.21 + 0.05 1.82 £ 0.15
353.15 1.999 0.17 £ 0.05 1.63 + 0.13
1.998 0.18 + 0.05 2.06 + 0.16
373,15 1.999 0.08 + 0.05 1.77 £ 0.14
1.998 0.07 + 0.05 2.02 £ 0.16

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mpgya25: mo-
lality of EvA25 with the relative expanded uncertainty U, (7gya2s) = 0.001 (0.99 level of confidence),
&;: loading of CO,-containing species (cf. Figure C4) with the intervals representing the standard
uncertainty u(@;). The pressure was not measured as it has no significant influence on the loadings of
CO,-containing species.

Table E25: Density and dynamic viscosity of the system (EvA25 + H,0).

T MEvA25 p n
K molgya2s/kgn,0 g/ cm? mPa-s
0.000 998.2 1.00 + 0.01
0.680 998.5 2.92 £ 0.03
2.010 996.3 15.20 + 0.15
3.710 990.3  60.35 + 0.61
293.15 5.551 981.6 151.96 + 1.53
8.622 968.9 360.18 + 3.80
14.824 952.0 604.30 + 6.28
33.179 926.5 392.94 + 4.12
pure EvA25 886.1 19.12 + 0.20
0.000 995.6  0.80 + 0.01
0.680 994.1 2.11 £ 0.02
2.010 989.4 9.11 £ 0.10
3.710 982.2  30.07 + 0.30
303.15 5.551 973.2  65.82 £ 0.67
8.622 960.3 134.73 + 1.35
14.824 943.2 201.69 + 2.04
33.179 918.3 136.90 + 1.38
pure EvA25 878.7 11.71 + 0.12
0.000 992.2 0.65 + 0.01
0.680 989.2 1.61 + 0.02
313.15 2.010 982.2 5.98 + 0.06
3.710 973.7 16.76 + 0.17
5.051 964.4  32.46 + 0.33

continued on next page
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Table E25: continued from previous page

T MEvA25 P U]
K molgya2s/kgn,0 g/ cm? mPa-s

8.622 951.4  58.56 + 0.60

313,15 14.824 934.0 80.32 + 0.83
33.179 909.6  56.45 + 0.57

pure EvA25 871.3 7.77 £ 0.08

0.000 988.0  0.55 = 0.01

0.680 983.6 1.29 + 0.01

2.010 974.4  4.20 + 0.04

3.710 964.8  10.23 + 0.11

323.15 5.551 955.2  17.79 + 0.18
8.622 942.1  28.86 + 0.29

14.824 925.2  36.97 + 0.38

33.179 901.2  27.46 + 0.29

pure EvA25 863.8 5.44 + 0.06

0.000 983.2 047 £ 0.01

0.680 977.3 1.07 + 0.01

2.010 965.9  3.13 £ 0.05

3.710 955.3  6.73 £ 0.07

333.15 5.951 945.4 10.64 + 0.11
8.622 932.5 15.78 + 0.16

14.824 9159 19.23 + 0.19

33.179 891.1 14.44 + 0.15

pure EvA25 856.4  4.04 £ 0.04

0.000 977.8  0.40 = 0.01

8.622 922.3 9.41 + 0.10

343.15 14.824 906.4 11.07 + 0.11
33.179 882.9  8.96 + 0.09

pure EvA25 849.0 3.12 £ 0.03

0.000 971.8  0.35 + 0.00

353.15 33.179 873.0  5.75 + 0.06
pure EvA25 841.6 2.48 + 0.03

0.000 965.3  0.31 + 0.00

363.15 33.179 865.6  4.00 + 0.04

pure EvA25 834.3 2.03 £ 0.02

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpgya2s:
molality of EvA25 with the relative expanded uncertainty U,.(mgya2s) = 0.001 (0.99 level of confidence),
p: density with the standard uncertainty u(p) = 0.001 g/cm?, n: dynamic viscosity with the intervals
representing the standard uncertainty u(n). The experiments were performed at ambient pressure,
which was p = 977 + 20 mbar.
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Table E26: Density and dynamic viscosity of the system (EvA25 + H,O + CO,).

T MEyA25 mco, p n
K molgya2s/kgn,0 molco, /kgn,0 g/ cm?® mPa-s
0.655 0.366 9909 1.015  2.98 + 0.03
0.655 0.642 *0:090  1.025  2.99 + 0.03
293.15 0.655 0.839 0090 1.031  2.95 + 0.03
0.654 1.090 *9:9%  1.036  2.92 + 0.05
0.668 1.269 *3:939 1.039  2.93 + 0.03
0.655 0.366 10099 1.011  2.16 + 0.04
0.655 0.642 *0:000  1.021  2.19 + 0.02
303.15 0.655 0.839 *0:9%  1.027  2.19 = 0.03
0.654 1.090 *3999  1.032  2.18 + 0.03
0.668 1.269 *0:939 1,036  2.20 + 0.02
0.655 0.366 0090 1.006  1.63 + 0.04
0.655 0.642 *0:0%0  1.015  1.67 + 0.02
313.15 0.655 0.839 10090 1.022  1.70 £ 0.02
0.654 1.090 *9:9%  1.027  1.69 + 0.03
0.668 1.269 £3939  1.031  1.71 + 0.02
0.655 0.366 *9-909  1.000  1.30 + 0.02
39315 0.655 0.642 H0090  1.011  1.39 +0.14
0.655 0.839 T80 1.015  1.35 = 0.03
0.654 1.090 9:9%  1.022  1.36 + 0.02
0.655 0.366 *0:099  0.993  1.06 + 0.02
333.15 0.655 0.642 *0:090  1.003  1.05 + 0.03
0.655 0.839 *3:900  1.009  1.10 + 0.01
2.004 0.420 ¥3:9%  1.012 17.72 + 0.18
1.999 0.755 *0:001  1.026  18.92 + 0.21
503,15 1.999 1.635 0092 1.049 22.33 + 0.24
1.999 2.387 10002 1.068 24.41 = 0.28
1.999 3.298 9003 1.085 25.06 + 0.27
1.994 3.805 3001 1.094 25.43 + 0.58
2.004 0.420 *39%  1.005 10.46 + 0.11
1.999 0.755 *0:9%  1.018 11.07 + 0.11
20315 1.999 1.635 70003 1.042 12.86 + 0.14
1.999 2.387 10002 1.061 14.25 = 0.15
1.999 3.298 9093 1.079 15.19 + 0.16
1.994 3.805 9001 1.089  15.59 + 0.20
2.004 0.420 *3:099  0.997  6.72 = 0.09
1.999 0.755 T390 1.010  7.08 + 0.08
313.15 1.999 1.635 10992 1.034  8.13 + 0.09
1.999 2.387 #9002 1.053  9.04 + 0.09
1.999 3.298 *090%  1.073  9.91 + 0.11

continued on next page



Appendix E Numerical experimental data

201

Table E26: continued from previous page

T MEvA25 mco, p n
K molgya2s/kgn,0  molco, /kgn,o g/cm? mPa-s
313.15 1.994 3.805 *3901 1.083  10.47 + 0.17
2.004 0.420 *3999 0.989  4.66 + 0.05
1.999 0.755 9091 1.002  4.85 + 0.05
293,15 1.999 1.635 9092 1.026  5.51 + 0.07
1.999 2.387 *0902 1,046  6.15 + 0.07
1.999 3.298 *9:003  1.066  6.86 + 0.07
1.994 3.805 3%t 1.077  7.37 £ 0.17
2.004 0.420 9099 0.981  3.42 + 0.03
1.999 0.755 9081 0.993  3.54 + 0.04
333.15 1.999 1.635 19992 1.017  3.96 + 0.05
1.999 2.387 *0902  1.038  4.42 + 0.05
1.999 3.208 *3903 1.059  5.01 + 0.07

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpgya2s:
molality of EvA25 with the relative expanded uncertainty U, (mgya25) = 0.001 (0.99 level of confidence),
mco,: molality of CO, with the intervals representing the expanded uncertainty U (Tﬁco?) (0.99 level

of confidence), p: density with the standard uncertainty u(p) = 0.001 g/cm?, n: dynamic viscosity with
the intervals representing the standard uncertainty w(n). The experiments were performed at ambient
pressure, which was p = 977 + 20 mbar.

Table E27: Liquid heat capacity of the system (EvA25 + H,0).

T MEyA25 Cp
K molgyass/ken,o  kJ/(kg'K)
0.000 + 0.000  4.141 + 0.065
2.009 + 0.000 3.987 + 0.068
298.15  5.551 + 0.008 3.430 + 0.072
14.824 + 0.034  2.961 + 0.076
pure EvA25 2.198 + 0.083
0.000 + 0.000  4.141 + 0.067
2.009 £ 0.000  4.031 £ 0.070
308.15  5.551 + 0.008 3.517 £ 0.072
14.824 + 0.034  3.037 + 0.069
pure EvA25 2.287 + 0.081
0.000 + 0.000  4.149 £ 0.067
2.009 + 0.000  4.062 + 0.068
318.15  5.551 + 0.008 3.604 + 0.071
14.824 + 0.034  3.121 + 0.065
pure EvA25 2.351 + 0.078
398 15 0.000 + 0.000  4.154 + 0.067
2.009 £ 0.000  4.118 + 0.066

continued on next page
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Table E27: continued from previous page

T MEvA25 Cp

K molgyass/ken,o  kJ/(kg'K)
5.051 + 0.008 3.698 + 0.066
328.15 14.824 + 0.034  3.198 + 0.066
pure EvA25 2.419 + 0.078
0.000 + 0.000  4.157 + 0.066
338,15 5.951 + 0.008 3.799 = 0.072
14.824 + 0.034  3.287 + 0.067
pure EvA25 2.486 + 0.071
0.000 + 0.000  4.175 + 0.068
348.15  14.824 + 0.034  3.366 + 0.066
pure EvA25 2.555 + 0.068

T: temperature with the expanded uncertainty U(T) = 0.1 K (0.99 level of confidence), mpya2s:
molality of EvA25 with the intervals representing the standard uncertainty w(mgva2s), ¢p: liquid heat
capacity with the intervals representing the standard uncertainty u(c,). The pressure inside the pans
was not measured as it has no significant influence on the measured c, values.

Table E28: Vapor pressure of pure EvA25.

T p°

K mbar
437.75 + 0.51 14.85 + 1.30
443.06 = 0.36 19.99 + 1.37
44797 + 0.25 25.19 + 1.45
451.75 + 0.27 30.11 + 1.52
455.33 + 0.27 35.29 + 1.61
457.72 + 0.28 40.15 + 1.78
460.88 + 0.22 45.16 + 1.78
463.27 + 0.22 50.13 + 1.85

T: temperature with the intervals representing the standard uncertainty w(7T'), p®:

EvA25 with the intervals representing the standard uncertainty u(p®).

vapor pressure of
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E.4 Speciation in CO,-loaded aqueous solutions of

EvAs

Table E29: Loading of CO,-containing species in the system (EvA0l1 + H,O + CO,).

T MEVA Q;
K molgya /kgH,0 mol; /molgya
[B-carbamate (bi)carbonate
0.723 0.18 + 0.03 0.14 + 0.03
0.725 0.48 £ 0.03 0.25 = 0.03
0.725 0.67 + 0.03 0.32 + 0.03
293.15 0.730 0.62 + 0.03 0.52 + 0.03
0.723 0.61 = 0.03 0.62 = 0.03
0.723 0.46 + 0.03 1.04 + 0.05
0.725 0.34 + 0.03 1.29 + 0.06
0.723 0.17 + 0.03 0.12 + 0.03
0.725 0.48 £ 0.03 0.28 = 0.03
0.725 0.56 + 0.03 0.36 = 0.03
313.15 0.730 0.56 + 0.03 0.52 = 0.03
0.723 0.55 + 0.03 0.70 + 0.04
0.730 0.47 + 0.03 0.90 + 0.05
0.725 0.36 = 0.03 1.19 + 0.06
0.723 0.14 = 0.03 0.19 = 0.03
0.725 0.39 + 0.03 0.32 + 0.03
333.15 0.725 0.47 = 0.03 0.47 = 0.03
0.730 0.47 £ 0.03 0.59 = 0.03
0.730 0.41 + 0.03 0.86 + 0.04
353,15 0.723 0.13 + 0.05 0.10 £ 0.05
0.725 0.34 + 0.05 0.37 + 0.05
353.15 0.730 0.33 = 0.05 0.66 = 0.05
0.723 0.33 + 0.05 0.69 + 0.06
0.723 0.14 + 0.05 0.15 £ 0.05
373.15 0.725 0.16 = 0.05 0.39 £ 0.05
0.725 0.14 + 0.05 0.56 + 0.05

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,y-containing species with the intervals representing the standard uncertainty w(&;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing

species.
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Table E30: Loading of CO,-containing species in the system (EvA02 + H,O + CO,).

T MEVA Q;
K molgya /kgn,o mol; /molgya
p-carbamate (bi)carbonate molecular CO,
0.536 0.00 + 0.03 0.35 + 0.03 0.00 + 0.03
0.536 0.00 + 0.03 0.74 £ 0.04 0.00 = 0.03
99315 0.536 0.02 £ 0.03 1.24 + 0.06 0.00 = 0.03
0.536 0.01 + 0.03 1.58 + 0.08 0.00 + 0.03
0.554 0.00 + 0.03 1.83 + 0.09 0.00 = 0.03
0.554 0.00 + 0.03 1.97 £ 0.10 0.03 = 0.03
0.536 0.00 + 0.03 0.30 = 0.03 0.00 = 0.03
0.536 0.00 + 0.03 0.75 + 0.04 0.00 + 0.03
313,15 0.536 0.00 + 0.03 1.25 + 0.06 0.00 = 0.03
0.536 0.00 + 0.03 1.59 + 0.08 0.00 + 0.03
0.554 0.00 + 0.03 1.79 £ 0.09 0.00 + 0.03
0.554 0.00 £+ 0.03 1.96 + 0.10 0.05 = 0.03
0.536 0.00 + 0.03 1.19 + 0.06 0.00 = 0.03
333.15 0.536 0.00 + 0.03 1.60 + 0.08 0.00 + 0.03
0.554 0.00 + 0.03 1.74 £ 0.09 0.03 + 0.03

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgva) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty w(d;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing
species.

Table E31: Loading of CO,-containing species in the system (EvA03 + H,O + CO,).

T MEvA Q;
K molEvA/kgHQO moli/molEvA
p-carbamate (bi)carbonate molecular CO,
0.468 0.01 + 0.03 0.32 + 0.03 0.00 + 0.03
0.468 0.05 + 0.03 0.75 + 0.04 0.00 = 0.03
0.468 0.07 £ 0.03 0.95 = 0.05 0.00 = 0.03
293.15 0.468 0.12 + 0.03 1.31 £ 0.07 0.00 + 0.03
0.468 0.21 + 0.03 1.75 £ 0.09 0.00 = 0.03
0.468 0.20 + 0.03 2.09 + 0.10 0.00 + 0.03
0.468 0.17 + 0.03 2.28 £ 0.11 0.04 + 0.03
0.468 0.00 + 0.03 0.30 + 0.03 0.00 + 0.03
0.468 0.03 £ 0.03 0.74 + 0.04 0.00 = 0.03
313.15 0.468 0.06 + 0.03 0.94 + 0.05 0.00 + 0.03
0.468 0.10 + 0.03 1.30 £ 0.07 0.00 + 0.03
0.468 0.16 + 0.03 1.72 £ 0.09 0.00 = 0.03

continued on next page
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Table E31: continued from previous page

T MEvA Q;
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,
313.15 0.468 0.17 + 0.03 2.08 £ 0.10 0.00 + 0.03
0.468 0.13 = 0.03 2.25 £ 0.11 0.09 = 0.03
0.468 0.00 = 0.03 0.32 £ 0.03 0.00 = 0.03
0.468 0.00 + 0.03 0.77 + 0.04 0.00 + 0.03
333,15 0.468 0.03 + 0.03 0.96 + 0.05 0.00 + 0.03
0.468 0.07 = 0.03 1.32 £ 0.07 0.00 = 0.03
0.468 0.12 + 0.03 1.71 + 0.09 0.00 + 0.03
0.468 0.12 + 0.03 2.13 £ 0.11 0.00 = 0.03
0.468 0.00 + 0.05 0.30 = 0.05 0.00 + 0.05
0.468 0.00 £ 0.05 0.76 = 0.06 0.00 = 0.05
353.15 0.468 0.00 + 0.05 0.98 + 0.08 0.00 + 0.05
0.468 0.00 + 0.05 1.32 + 0.11 0.00 + 0.05
0.468 0.01 + 0.05 1.78 £ 0.14 0.00 + 0.05
0.468 0.00 + 0.05 0.31 + 0.05 0.00 + 0.05
373 15 0.468 0.00 + 0.05 0.73 + 0.06 0.00 + 0.05
0.468 0.00 £ 0.05 0.95 + 0.08 0.00 = 0.05
0.468 0.00 + 0.05 1.34 £ 0.11 0.00 + 0.05

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,y-containing species with the intervals representing the standard uncertainty w(&;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing

species.

Table E32: Loading of CO,-containing species in the system (EvA04 + H,O + CO,).

T MEvA Q;
K molgya /kgn,0 mol; /molgy, A
p-carbamate (bi)carbonate molecular CO,
0.556 0.01 = 0.03 0.55 = 0.03 0.00 = 0.03
993.15 0.556 0.01 + 0.03 0.95 + 0.05 0.00 + 0.03
0.556 0.01 + 0.03 1.24 + 0.06 0.00 + 0.03
0.556 0.01 = 0.03 1.49 + 0.07 0.01 £ 0.03
0.556 0.00 = 0.03 0.57 £ 0.03 0.00 = 0.03
313.15 0.556 0.01 + 0.03 0.94 + 0.05 0.00 + 0.03
0.556 0.01 = 0.03 1.25 + 0.06 0.00 = 0.03
0.556 0.01 + 0.03 1.49 + 0.07 0.01 + 0.03
333.15 0.556 0.00 + 0.03 1.24 + 0.06 0.00 + 0.03

continued on next page
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Table E32: continued from previous page

T MEVA @
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty w(d;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing
species.

Table E33: Loading of CO,-containing species in the system (EvA05 + H,O + CO,).

T MEvA Q;
K molgya /kgn,0 mol; /molgy, A
p-carbamate (bi)carbonate molecular CO,
0.525 0.00 + 0.03 0.48 £ 0.03 0.00 = 0.03
99315 0.525 0.02 + 0.03 0.87 + 0.04 0.00 + 0.03
0.493 0.01 + 0.03 1.21 £ 0.06 0.00 = 0.03
0.525 0.02 £ 0.03 1.60 + 0.08 0.01 = 0.03
0.525 0.00 + 0.03 0.41 = 0.03 0.00 = 0.03
313.15 0.525 0.01 + 0.03 0.83 + 0.04 0.00 + 0.03
0.493 0.00 + 0.03 1.19 + 0.06 0.00 = 0.03
0.525 0.02 £ 0.03 1.57 + 0.08 0.02 = 0.03
333.15 0.493 0.02 £ 0.03 1.04 + 0.05 0.00 = 0.03

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mpya: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty w(&;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing
species.

Table E34: Loading of CO,-containing species in the system (EvA06 + H,O + CO,).

T MEvA Q;
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,
0.517 0.01 + 0.03 0.34 £ 0.03 0.00 + 0.03
0.538 0.04 + 0.03 0.67 + 0.03 0.00 + 0.03
293.15 0.529 0.04 + 0.03 0.87 £ 0.04 0.00 + 0.03
0.538 0.05 + 0.03 1.19 + 0.06 0.00 + 0.03
0.529 0.04 + 0.03 1.45 + 0.07 0.03 + 0.03
313.15 0.517 0.00 + 0.03 0.35 + 0.03 0.00 + 0.03
0.538 0.03 + 0.03 0.74 £ 0.04 0.00 + 0.03
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Table E34: continued from previous page

T MEvA Q;
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,
0.529 0.04 + 0.03 0.90 + 0.05 0.00 + 0.03
313,15 0.538 0.04 + 0.03 1.15 + 0.06 0.00 = 0.03
0.517 0.02 + 0.03 1.52 + 0.08 0.06 + 0.03
0.529 0.00 + 0.03 1.59 + 0.08 0.09 + 0.03
0.517 0.00 + 0.03 0.33 £ 0.03 0.00 + 0.03
0.538 0.03 = 0.03 0.77 £ 0.04 0.00 = 0.03
393 15 0.529 0.02 + 0.03 0.87 + 0.04 0.00 + 0.03
0.538 0.02 + 0.03 1.25 + 0.06 0.00 = 0.03
0.517 0.02 £ 0.03 1.32 £ 0.07 0.10 = 0.03
0.529 0.01 + 0.03 1.35 £ 0.07 0.12 + 0.03
0.517 0.00 + 0.05 0.36 + 0.05 0.00 + 0.05
0.538 0.00 £+ 0.05 0.73 + 0.06 0.00 + 0.05
353.15 0.538 0.00 + 0.05 1.09 + 0.09 0.00 + 0.05
0.529 0.00 + 0.05 1.21 + 0.10 0.18 = 0.05
0.517 0.00 + 0.05 1.27 £ 0.10 0.23 + 0.05
0.517 0.00 £ 0.05 0.23 = 0.05 0.00 = 0.05
373.15 0.517 0.00 + 0.05 0.73 + 0.06 0.00 + 0.05
0.529 0.00 + 0.05 1.05 + 0.08 0.18 = 0.05

T: temperature with the expanded uncertainty U(T')
of EvA with the relative expanded uncertainty U, (mgva) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty w(d;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing

species.

=1 K (0.99 level of confidence), mpya: molality

Table E35: Loading of CO,-containing species in the system (EvA07 + H,O + CO,).

T MEvA Q;
K mOIEvA/kgHZO moli/molEvA
p-carbamate (bi)carbonate molecular CO,
0.540 0.02 + 0.03 0.33 + 0.03 0.00 + 0.03
0.540 0.04 + 0.03 0.74 £ 0.04 0.00 + 0.03
993.15 0.540 0.12 £ 0.03 1.06 + 0.05 0.00 = 0.03
0.540 0.18 + 0.03 1.33 £ 0.07 0.00 + 0.03
0.540 0.28 + 0.03 1.81 + 0.09 0.00 = 0.03
0.540 0.30 + 0.03 1.94 + 0.10 0.06 + 0.03
0.540 0.00 + 0.03 0.34 + 0.03 0.00 + 0.03
313,15 0.540 0.04 + 0.03 0.75 £ 0.04 0.00 + 0.03
0.540 0.09 = 0.03 1.05 + 0.05 0.00 = 0.03
0.540 0.12 + 0.03 1.39 + 0.07 0.00 + 0.03
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Table E35: continued from previous page

T MEvA Q;
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,
313.15 0.540 0.23 + 0.03 1.85 + 0.09 0.00 + 0.03
0.540 0.21 + 0.03 1.91 + 0.10 0.00 = 0.03
0.540 0.00 + 0.03 0.33 £ 0.03 0.00 = 0.03
0.540 0.03 + 0.03 0.76 + 0.04 0.00 + 0.03
333,15 0.540 0.05 + 0.03 1.06 + 0.05 0.00 + 0.03
0.540 0.08 + 0.03 1.53 + 0.08 0.00 = 0.03
0.540 0.15 + 0.03 1.80 + 0.09 0.00 + 0.03
0.540 0.16 + 0.03 1.96 + 0.10 0.00 = 0.03
0.540 0.00 + 0.05 0.32 + 0.05 0.00 = 0.05
0.540 0.00 + 0.05 0.73 = 0.06 0.00 = 0.05
353.15 0.540 0.00 + 0.05 1.00 + 0.08 0.00 + 0.05
0.540 0.00 £+ 0.05 1.54 £ 0.12 0.00 = 0.05
0.540 0.02 + 0.05 1.88 £ 0.15 0.00 + 0.05
0.540 0.00 + 0.05 0.29 + 0.05 0.00 £+ 0.05
373 15 0.540 0.00 + 0.05 0.72 + 0.06 0.00 = 0.05
0.540 0.00 £ 0.05 0.99 + 0.08 0.00 = 0.05
0.540 0.00 + 0.05 1.50 + 0.12 0.00 + 0.05

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,y-containing species with the intervals representing the standard uncertainty w(d;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing
species.

Table E36: Loading of CO,-containing species in the system (EvA21 + H,O + CO,).

T MEvA a;
K molgya /kgn,0 mol; /molgy, A
p-carbamate alkylcarbonate (bi)carbonate molecular CO,
0.375 0.02 £+ 0.03 0.01 £ 0.03 0.55 + 0.03 0.00 + 0.03
0.373 0.02 £+ 0.03 0.02 £ 0.03 0.88 + 0.04 0.00 + 0.03
293.15 0.356 0.04 + 0.03 0.04 + 0.03 1.38 + 0.07 0.00 + 0.03
0.375 0.05 + 0.03 0.06 + 0.03 1.50 + 0.08 0.00 £ 0.03
0.356 0.06 + 0.03 0.06 + 0.03 2.02 £ 0.10 0.06 + 0.03
0.375 0.02 £ 0.03 0.02 £+ 0.03 0.56 + 0.03 0.00 + 0.03
0.373 0.02 + 0.03 0.02 + 0.03 0.94 + 0.05 0.00 + 0.03
313,15 0.356 0.05 £ 0.03 0.04 £ 0.03 1.33 £ 0.07 0.00 £ 0.03
0.375 0.05 + 0.03 0.04 + 0.03 1.50 + 0.08 0.00 + 0.03
0.373 0.04 + 0.03 0.04 + 0.03 1.88 + 0.09 0.04 + 0.03
0.356 0.04 £ 0.03 0.05 + 0.03 2.09 £ 0.10 0.04 £ 0.03
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Table E36: continued from previous page

T MEvA Q;
K molgya /kgn,0 mol; /molgya
p-carbamate alkylcarbonate (bi)carbonate molecular CO,
0.375 0.00 = 0.03 0.00 = 0.03 0.56 + 0.03 0.00 = 0.03
0.373 0.02 = 0.03 0.02 = 0.03 0.85 = 0.04 0.00 = 0.03
333.15 0.356 0.03 + 0.03 0.03 + 0.03 1.46 + 0.07 0.00 + 0.03
0.373 0.02 + 0.03 0.03 = 0.03 1.85 + 0.09 0.03 = 0.03
0.356 0.02 = 0.03 0.03 = 0.03 1.95 + 0.10 0.06 = 0.03
0.375 0.00 = 0.05 0.00 = 0.05 0.55 = 0.05 0.00 = 0.05
0.373 0.01 + 0.05 0.01 + 0.05 0.80 + 0.06 0.00 + 0.05
353.15 0.356 0.02 = 0.05 0.02 = 0.05 1.23 + 0.10 0.00 = 0.05
0.373 0.01 = 0.05 0.02 £ 0.05 1.67 £ 0.13 0.00 = 0.05
0.356 0.01 + 0.05 0.02 + 0.05 1.87 £ 0.15 0.00 + 0.05

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mg,a: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty u(d;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing

species.

Table E37: Loading of CO,-containing species in the system (EvA24 + H,O + CO,).

T MEvA a
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,
0.409 0.02 £ 0.03 0.48 + 0.03 0.00 £ 0.03
903 15 0.409 0.04 £ 0.03 0.94 + 0.05 0.00 + 0.03
0.409 0.05 + 0.03 1.36 + 0.07 0.00 + 0.03
0.409 0.06 + 0.03 1.88 + 0.09 0.05 £ 0.03
0.409 0.01 £ 0.03 0.40 + 0.03 0.00 £ 0.03
313 15 0.409 0.02 + 0.03 0.99 + 0.05 0.00 + 0.03
0.409 0.04 + 0.03 1.55 + 0.08 0.00 + 0.03
0.409 0.05 £ 0.03 1.95 + 0.10 0.00 £ 0.03
0.409 0.00 £ 0.03 0.42 £+ 0.03 0.00 £ 0.03
333.15 0.409 0.00 + 0.03 0.80 + 0.04 0.00 + 0.03
0.409 0.00 £ 0.03 1.37 £ 0.07 0.00 £ 0.03
0.409 0.00 £ 0.05 0.42 + 0.05 0.00 £ 0.05
353.15 0.409 0.00 £ 0.05 0.68 + 0.05 0.00 £ 0.05
0.409 0.00 + 0.05 1.12 + 0.09 0.00 + 0.05
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Table E37: continued from previous page

T MEVA @
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty w(d;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing
species.

Table E38: Loading of CO,-containing species in the system (EvA25 + H,O + CO,).

T MEvA Q;
K molgya /kgn,0 mol; /molgy, A
p-carbamate (bi)carbonate molecular CO,
0.419 0.02 £ 0.03 0.44 = 0.03 0.00 = 0.03
0.419 0.06 + 0.03 0.84 + 0.04 0.00 + 0.03
0.422 0.11 + 0.03 1.05 + 0.05 0.00 = 0.03
0.416 0.16 + 0.03 1.29 + 0.06 0.00 = 0.03
293.15 0.422 0.15 £ 0.03 1.23 + 0.06 0.00 + 0.03
0.422 0.19 + 0.03 1.48 + 0.07 0.00 = 0.03
0.416 0.22 £ 0.03 1.76 + 0.09 0.00 = 0.03
0.422 0.21 + 0.03 2.08 £ 0.10 0.01 + 0.03
0.416 0.17 £ 0.03 2.34 £ 0.12 0.08 + 0.03
0.419 0.02 + 0.03 0.41 + 0.03 0.00 = 0.03
0.419 0.04 + 0.03 0.74 + 0.04 0.00 + 0.03
0.422 0.09 + 0.03 1.08 + 0.05 0.00 + 0.03
0.416 0.14 + 0.03 1.36 + 0.07 0.00 = 0.03
313.15 0.422 0.13 £ 0.03 1.27 + 0.06 0.00 + 0.03
0.422 0.16 + 0.03 1.48 + 0.07 0.00 = 0.03
0.416 0.18 £ 0.03 1.70 = 0.09 0.00 = 0.03
0.422 0.17 + 0.03 2.04 £ 0.10 0.03 + 0.03
0.416 0.15 + 0.03 2.31 £ 0.12 0.08 + 0.03
0.419 0.01 + 0.03 0.43 = 0.03 0.00 = 0.03
0.419 0.03 £ 0.03 0.83 £ 0.04 0.00 = 0.03
0.422 0.06 + 0.03 1.03 £ 0.05 0.00 + 0.03
333 15 0.416 0.10 £ 0.03 1.39 £ 0.07 0.00 = 0.03
0.422 0.12 + 0.03 1.46 + 0.07 0.00 = 0.03
0.416 0.15 + 0.03 1.79 £ 0.09 0.00 + 0.03
0.422 0.15 + 0.03 1.99 £ 0.10 0.04 + 0.03
0.416 0.13 + 0.03 2.19 £ 0.11 0.07 + 0.03
353.15 0.412 0.08 + 0.05 1.40 £ 0.11 0.00 + 0.05
0.422 0.08 + 0.05 1.46 + 0.12 0.00 + 0.05
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Table E38: continued from previous page

T MEVA @
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,
0.422 0.10 + 0.05 1.62 + 0.13 0.00 + 0.05
353.15 0.411 0.12 + 0.05 1.80 £ 0.14 0.04 = 0.05
0.422 0.12 + 0.05 2.01 + 0.16 0.06 + 0.05
373,15 0.412 0.04 + 0.05 1.54 £ 0.12 0.02 + 0.05
0.422 0.05 + 0.05 1.81 £0.14 0.05 + 0.05

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mg,a: molality
of EvA with the relative expanded uncertainty U, (mgva) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty w(d;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing

species.

Table E39: Loading of CO,-containing species in the system (EvA26 + H,O + CO,).

T MEvA Q;
K mOIEvA/kgHZO moli/molEvA
p-carbamate (bi)carbonate molecular CO,
0.436 0.05 + 0.03 0.40 + 0.03 0.00 + 0.03
0.444 0.14 + 0.03 0.72 £ 0.04 0.00 + 0.03
0.444 0.22 £ 0.03 0.85 = 0.04 0.00 = 0.03
293.15 0.436 0.29 + 0.03 1.09 + 0.05 0.00 + 0.03
0.444 0.49 + 0.03 1.39 + 0.07 0.00 = 0.03
0.436 0.51 + 0.03 1.52 + 0.08 0.04 + 0.03
0.436 0.53 + 0.03 1.67 £ 0.08 0.09 + 0.03
0.436 0.03 + 0.03 0.40 = 0.03 0.00 + 0.03
0.444 0.12 £ 0.03 0.77 £ 0.04 0.00 = 0.03
0.444 0.18 + 0.03 0.93 + 0.05 0.00 + 0.03
313.15 0.436 0.27 £ 0.03 1.11 + 0.06 0.00 + 0.03
0.444 0.38 = 0.03 1.49 + 0.07 0.00 = 0.03
0.436 0.43 + 0.03 1.59 + 0.08 0.03 + 0.03
0.436 0.43 + 0.03 1.63 + 0.08 0.09 + 0.03
0.436 0.02 + 0.03 0.36 + 0.03 0.00 + 0.03
0.444 0.09 = 0.03 0.73 £ 0.04 0.00 = 0.03
393 15 0.444 0.14 + 0.03 0.88 + 0.04 0.00 + 0.03
0.436 0.19 £+ 0.03 1.11 + 0.06 0.00 = 0.03
0.444 0.30 + 0.03 1.46 + 0.07 0.00 + 0.03
0.436 0.33 + 0.03 1.66 + 0.08 0.02 + 0.03
0.436 0.17 + 0.05 1.13 + 0.09 0.00 + 0.05
353.15 0.444 0.21 £ 0.05 1.52 £ 0.12 0.00 = 0.05
0.436 0.21 + 0.05 1.58 + 0.13 0.00 + 0.05
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Table E39: continued from previous page

T MEVA @
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty w(d;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing
species.

Table E40: Loading of CO,-containing species in the system (EvA27 + H,O + CO,).

T MEvA Q;
K molgya /kgn,0 mol; /molgy, A
p-carbamate alkylcarbonate (bi)carbonate molecular CO,
0.498 0.02 + 0.03 0.01 + 0.03 0.48 + 0.03 0.00 + 0.03
993 15 0.513 0.06 + 0.03 0.01 + 0.03 0.79 + 0.04 0.00 + 0.03
0.498 0.05 + 0.03 0.01 + 0.03 1.29 + 0.06 0.01 + 0.03
0.513 0.04 + 0.03 0.00 + 0.03 1.40 £ 0.07 0.02 + 0.03
0.498 0.02 + 0.03 0.01 + 0.03 0.48 + 0.03 0.00 + 0.03
313,15 0.513 0.04 + 0.03 0.00 + 0.03 0.81 + 0.04 0.00 + 0.03
0.498 0.02 + 0.03 0.00 + 0.03 1.34 £ 0.07 0.00 + 0.03
0.513 0.01 + 0.03 0.00 + 0.03 1.43 + 0.07 0.06 + 0.03
0.498 0.00 + 0.03 0.00 + 0.03 0.52 + 0.03 0.00 + 0.03
333 15 0.513 0.02 + 0.03 0.00 + 0.03 0.84 + 0.04 0.00 + 0.03
0.498 0.00 + 0.03 0.00 + 0.03 1.29 £ 0.06 0.00 + 0.03
0.513 0.00 + 0.03 0.00 + 0.03 1.41 + 0.07 0.07 + 0.03
0.498 0.00 + 0.05 0.00 + 0.05 0.42 + 0.05 0.00 + 0.05
353.15 0.498 0.00 + 0.05 0.00 + 0.05 1.29 + 0.10 0.00 + 0.05
0.513 0.00 + 0.05 0.00 + 0.05 1.33 £ 0.11 0.10 + 0.05

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty u(d;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing
species.
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Table E41: Loading of CO,-containing species in the system (EvA31 + H,O + CO,).

T MEvA Q;
K molgya /kgn,o mol; /molgya
p-carbamate alkylcarbonate (bi)carbonate molecular CO,
0.552 0.04 + 0.03 0.01 + 0.03 0.50 + 0.03 0.00 + 0.03
0.552 0.08 + 0.03 0.01 = 0.03 0.78 + 0.04 0.00 = 0.03
293.15 0.552 0.08 = 0.03 0.02 = 0.03 0.97 £ 0.05 0.00 = 0.03
0.571 0.07 + 0.03 0.03 + 0.03 1.25 + 0.06 0.00 + 0.03
0.552 0.05 = 0.03 0.03 = 0.03 1.52 + 0.08 0.02 = 0.03
0.552 0.03 = 0.03 0.00 = 0.03 0.48 + 0.03 0.00 = 0.03
0.552 0.07 = 0.03 0.01 = 0.03 0.76 £ 0.04 0.00 = 0.03
313.15 0.552 0.06 + 0.03 0.02 = 0.03 0.99 + 0.05 0.00 + 0.03
0.571 0.05 = 0.03 0.02 = 0.03 1.28 + 0.06 0.01 = 0.03
0.552 0.04 + 0.03 0.01 + 0.03 1.47 + 0.07 0.05 + 0.03
0.552 0.02 + 0.03 0.01 + 0.03 0.44 + 0.03 0.00 + 0.03
0.552 0.02 + 0.03 0.01 = 0.03 0.86 + 0.04 0.00 = 0.03
333.15 0.552 0.02 = 0.03 0.01 = 0.03 0.99 = 0.05 0.00 = 0.03
0.571 0.01 + 0.03 0.02 + 0.03 1.26 + 0.06 0.03 + 0.03
0.552 0.01 = 0.03 0.02 = 0.03 1.36 + 0.07 0.09 = 0.03
0.552 0.00 = 0.05 0.00 = 0.05 0.46 + 0.05 0.00 = 0.05
0.552 0.00 = 0.05 0.00 = 0.05 0.80 = 0.06 0.00 = 0.05
353.15 0.552 0.00 + 0.05 0.00 + 0.05 0.96 + 0.08 0.00 + 0.05
0.552 0.00 = 0.05 0.00 = 0.05 1.33 + 0.11 0.01 = 0.05
0.571 0.00 = 0.05 0.00 = 0.05 1.14 + 0.09 0.00 = 0.05
373,15 0.552 0.00 = 0.05 0.00 = 0.05 0.40 = 0.05 0.00 = 0.05
0.552 0.00 + 0.05 0.00 + 0.05 0.84 + 0.07 0.00 + 0.05

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty w(é;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing

species.

Table E42: Loading of CO,-containing species in the system (EvA32 + H,O + CO,).

T MEvA Q;
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,
0.444 0.03 + 0.03 0.38 + 0.03 0.00 + 0.03
293.15 0.444 0.03 + 0.03 0.75 + 0.04 0.02 + 0.03
0.444 0.02 £ 0.03 0.82 + 0.04 0.08 = 0.03
313,15 0.444 0.00 = 0.03 0.17 £ 0.03 0.00 = 0.03
0.444 0.00 + 0.03 0.70 + 0.04 0.07 + 0.03
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Table E42: continued from previous page

T MEvA Q;
K molgya /kgn,0 mol; /molgya
p-carbamate (bi)carbonate molecular CO,
313.15 0.444 0.00 + 0.03 0.76 + 0.04 0.09 + 0.03
0.444 0.00 + 0.03 0.36 + 0.03 0.00 + 0.03
333.15 0.444 0.00 £+ 0.03 0.62 = 0.03 0.10 = 0.03
0.444 0.00 + 0.03 0.67 + 0.03 0.12 + 0.03
0.444 0.00 + 0.05 0.15 = 0.05 0.00 + 0.05
353.15 0.444 0.00 + 0.05 0.35 + 0.05 0.00 = 0.05
0.444 0.00 + 0.05 0.56 = 0.05 0.00 = 0.05
0.444 0.00 + 0.05 0.21 = 0.05 0.00 = 0.05
373.15 0.444 0.00 + 0.05 0.35 + 0.05 0.00 + 0.05
0.444 0.00 + 0.05 0.37 £ 0.05 0.00 = 0.05

T: temperature with the expanded uncertainty U (T')

=1 K (0.99 level of confidence), mgya: molality

of EvA with the relative expanded uncertainty U, (mgva) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty w(é;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing
species.

Table E43: Loading of CO,-containing species in the system (EvA34 + H,O + CO,).

T MEvA Q;
K molEVA/kgHQO moli/molEvA
pB-carbamate ~-carbamate (bi)carbonate
0.373 0.00 = 0.05 0.06 + 0.05 0.23 £ 0.05
373,15 0.373 0.00 = 0.05 0.08 + 0.05 0.53 £ 0.05
0.373 0.00 £ 0.05  0.22 = 0.05 1.14 £ 0.09
0.371 0.00 = 0.05 0.33 + 0.05 1.23 + 0.10

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgva) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,-containing species with the intervals representing the standard uncertainty w(d;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing
species. Results between 293.15 K < T" < 373.15 K are given in Table ES8.

Table E44: Loading of CO,-containing species in the system (EvA36 + H,O + CO,).

T MEvA a;
K molEVA/kgHQO moli/molEVA
[B-carbamate ~-carbamate (bi)carbonate
903,15 0.487 0.00 £ 0.03  0.22 = 0.03 0.22 + 0.03
0.488 0.03 = 0.03 0.31 + 0.03 0.34 + 0.03

continued on next page
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Table E44: continued from previous page

T MEVA @
K molgya /kgn,0 mol; /molgya
[B-carbamate ~-carbamate (bi)carbonate
0.487 0.03 + 0.03 0.36 + 0.03 0.44 + 0.03
0.488 0.03 = 0.03 0.45 + 0.03 0.47 + 0.03
0.487 0.05 £0.03  0.46 = 0.03 0.77 + 0.04
293.15 0.488 0.08 + 0.03 0.43 = 0.03 0.88 + 0.04
0.488 0.15 = 0.03 0.29 = 0.03 1.51 + 0.08
0.487 0.14 £ 0.03  0.23 = 0.03 1.88 + 0.09
0.487 0.13 £ 0.03 0.21 + 0.03 2.04 £ 0.10
0.487 0.00 = 0.03 0.20 = 0.03 0.27 = 0.03
0.488 0.02 = 0.03 0.30 = 0.03 0.34 = 0.03
313.15 0.488 0.03 £0.03  0.38 + 0.03 0.47 £ 0.03
0.487 0.05 = 0.03 0.41 + 0.03 0.79 + 0.04
0.488 0.04 = 0.03 0.38 = 0.03 0.87 + 0.04
0.488 0.11 + 0.03 0.16 = 0.03 1.87 £ 0.09
0.487 0.00 + 0.03 0.19 = 0.03 0.24 + 0.03
0.488 0.01 £ 0.03 0.28 + 0.03 0.35 = 0.03
0.487 0.02 £0.03  0.31 = 0.03 0.43 £ 0.03
0.488 0.02 + 0.03 0.33 + 0.03 0.47 = 0.03
333.15 0.487 0.05 = 0.03 0.34 £ 0.03 0.82 = 0.04
0.488 0.06 £ 0.03  0.30 = 0.03 0.92 + 0.05
0.488 0.08 + 0.03 0.20 = 0.03 1.42 £ 0.07
0.487 0.03 = 0.03 0.11 = 0.03 1.94 + 0.10
0.488 0.02 £0.03  0.09 = 0.03 1.98 + 0.10
0.487 0.00 £ 0.05  0.18 = 0.05 0.24 + 0.05
0.488 0.00 = 0.05 0.24 + 0.05 0.33 = 0.05
353.15 0.487 0.00 = 0.05 0.27 = 0.05 0.47 = 0.05
0.488 0.00 + 0.05 0.23 = 0.05 1.06 = 0.08
0.488 0.00 = 0.05 0.10 = 0.05 1.67 + 0.13
0.488 0.00 £ 0.05  0.06 + 0.05 1.84 + 0.15
0.488 0.00 £ 0.05  0.18 = 0.05 0.36 + 0.05
373,15 0.487 0.00 = 0.05 0.19 = 0.05 0.47 £ 0.05
0.488 0.00 = 0.05 0.17 + 0.05 0.62 = 0.05
0.487 0.00 £ 0.05  0.08 = 0.05 0.94 + 0.08

T: temperature with the expanded uncertainty U(T) = 1 K (0.99 level of confidence), mgya: molality
of EvA with the relative expanded uncertainty U, (mgya) = 0.001 (0.99 level of confidence), &;: con-
centration of CO,y-containing species with the intervals representing the standard uncertainty w(&;).
The pressure was not measured as it has no significant influence on the speciation of CO,-containing

species.
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