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Abstract

Carbon capture using amine-based absorption is an established technology for the
separation of gaseous CO.. It is used in the upgrading of gaseous fuels, and it has
also been suggested that it could play a crucial role in the mitigation of climate
change through post-combustion carbon capture and sequestration (CCS), and by
creating carbon sinks through bioenergy CCS. One drawback of the existing
technology is the high energy requirement associated with the regeneration of
conventional aqueous amine solutions, which must be addressed in order to make
amine absorption a viable option for carbon capture in the industrial sector.

The work presented in this thesis focuses on amine solutions where a sterically
hindered primary amine (AMP) was studied in mixtures with organic solvents as
possible alternatives to conventional aqueous amine solutions. The reason for
replacing the water component is the potential reduction in temperature and energy
requirement in the regeneration step. The solubility of CO» and heat of absorption
were studied using reaction calorimetry, the chemical species in solution were
characterized using nuclear magnetic resonance, and the absorption rate was studied
using a wetted wall column.

The results showed that AMP in non-aqueous solutions with NMP or DMSO can be
regenerated at lower temperatures (<90 °C) than with conventional aqueous amine
solutions (=120 °C). During absorption, precipitation of the AMP carbamate
allowed more CO: to be absorbed in the solution, and precipitation was promoted
by increasing the AMP concentration. However, precipitation resulted in a higher
heat of absorption than for non-precipitating solutions, which adds to the overall
cooling demand of the capture process. When absorption was performed at 40 °C, a
CO; partial pressure of 20 kPa was needed to obtain a similar cyclic capacity to that
in 30 wt% MEA, indicating that the studied non-aqueous AMP solutions were
suitable for biogas upgrading and industrial carbon capture applications. The less
toxic properties of DMSO, and the overall slightly higher solubility of CO; in
AMP/DMSO than in AMP/NMP, suggest that further studies should be carried out
using 25 wt% AMP in DMSO.

The influence of water accumulation in AMP/DMSO was also studied, due to the
hygroscopic properties of DMSO. It was found that the formation of bicarbonate
increased with increasing water content. However, some water accumulation may
not be problematic as the capacity of the absorption solutions was not reduced in
the temperature range studied (40-88 °C) in solutions with a water: AMP molar ratio
of 2:1. Preliminary results also indicated that water accumulation could lead to
higher AMP degradation rates, but further studies are required to investigate this.
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Popularvetenskaplig sammanfattning

I takt med att vi forbranner fossila branslen, dkar koldioxidhalten i atmosféren. Idag
rader det vetenskaplig konsensus kring det faktum att den atmosfériska
koldioxidhalten ar direkt kopplad till den globala medeltemperaturen, diar hogre
halter bidrar till hdgre medeltemperatur. For att minimera bidraget orsakat av
ménniskor, behover utsldppen av koldioxid drastiskt minska. Det finns olika
tillvigagingsitt for att uppna detta. Denna avhandling beskriver mitt arbete kring
utveckling av ny teknik som kan anvédndas vid produktion av biobrdnslen och
dven for att minska utsldppen av koldioxid genom koldioxidinfangning.
Tekniken dr baserad pa vattenfria absorptionssystem i vilka koldioxid l6ser sig
och reagerar och pa sa sétt separeras fran olika gasblandningar.

Anvindandet av fossila branslen, s& som kol, olja och naturgas, r en av de storsta
bidragande faktorerna till utslapp av koldioxid. Att byta till biobrénslen dr en metod
som kan anvidndas for att minska utsldppens paverkan pa koldioxidhalten i
atmosféren. Detta beror pa att kolet som finns bundet i biobrénslen har tagits fran
atmosfaren istillet for att ha varit lagrat i bunden form under en ldngre tid, som i
fossila branslen. Koldioxiden som bildas vid forbranning bidrar da inte till en 6kning
av koldioxidhalten i atmosfaren i samma utstrackning som fossila brinslen. Biogas
ar ett biobrinsle som kan produceras vid nedbrytning av olika ravaror, t.ex.
matrester och grodor, med hjilp av specifika mikroorganismer. Vid nedbrytningen
av ravarorna producerar mikroorganismerna mestadels metangas och koldioxid.
Eftersom koldioxid dr en slutprodukt vid forbrinning kommer hdga halter av
koldioxid péverka biogasens formaga att fungera som ett effektivt brinsle. For att
kunna anvinda den producerade biogasen som fordonsbrinsle, eller som erséttning
for naturgas, behover man alltsd ta bort koldioxiden fran gasblandningen. Detta
kallas for uppgradering av biogas till biometan.

For detta &ndamal anvinder man metoder for sé kallad koldioxidinfangning, inom
vilka aminabsorption dr en av de mest lovande teknikerna. Aminer &r organiska
foreningar med en kvédvegrupp som reagerar med koldioxid. Detta goér aminerna
lampliga for koldioxidavskiljning eftersom de inte reagerar med Ovriga
gaskomponenter. I kommersiella sammanhang 4r aminerna ofta 1osta i vatten.
Koldioxiden som fangas in skulle sedan kunna lagras geologiskt for att undvika att
ater sldppas ut i atmosféaren, sa kallad ”Bio-Energy Carbon Capture and Storage”
(BECCS). Pa sa sitt skulle man kunna uppna negativa utslapp, dér koldioxid tas upp
fran atmostfaren for att sedan inte sldppas ut igen.

Vattenbaserade aminsystem &r dock kopplade till ett hogt energibehov for
infangningsprocessen. Det stora energibehovet beror framforallt pa att en stor
mangd vitska maste varmas till temperaturer 6ver 120 °C. Vid dessa temperaturer
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kommer dessutom vatten att forangas i systemet vilket krdver &nnu mer energi. |
mitt arbete har jag undersokt vattenfria aminsystem som ett alternativ, dar vattnet ar
utbytt mot organiska losningsmedel. I denna typ av system reagerar aminen med
koldioxid och bildar ett salt. Nar tillrickligt mycket koldioxid reagerat faller saltet
ut som fasta kristaller i 16sningen. Eftersom koldioxiden som 16st sig &r en del av de
bildade saltkristallerna, skapar detta en mojlighet att separera de fasta partiklarna
fran resterande vitska. Da kan man minska méngden vétska som behover viarmas
upp 1 processen och dirmed méngden virme som behover tillforas.

Den amin som anvéands i studierna som técks i denna avhandling heter 2-amino-2-
metyl-1-propanol och forkortas AMP. AMP har en amingrupp som sitter langst ut
pa kolkedjan som utgdér stommen av molekylen och bredvid den sitter tvda metyl-
grupper. Nar amingruppen reagerar med koldioxid, bidrar metyl-grupperna till att
rorligheten i den bildade produkten &r begransad. Detta kallas att produkten é&r
steriskt hindrad. Steriskt hindrade reaktionsprodukter dr mindre stabila, vilket leder
till att det inte krévs lika hoga temperaturer for regenerering, jamfort med system
dér produkterna som bildas dr mer stabila. For de 16sningar som studerats i denna
avhandling kan man aterfd merparten av koldioxiden i gasfas vid 70-90 °C, vilket
betyder att man skulle kunna anvidnda Overskottsvirme for att driva processen
istillet for energi av hogre kvalitet.

Jag har studerat AMP i kombination med olika 16sningsmedel, exempelvis N-metyl-
2-pyrrolidon och dimetylsulfoxid, och utvdrderat om dessa skulle ldmpa sig for
koldioxidavskiljning. Bland annat har jag undersokt hur mycket koldioxid som kan
16sa sig 1 aminlosningen vid olika temperaturer, for att f4 en uppfattning om hur
mycket koldioxid som kommer finnas i vétskan under absorptionen samt vid
regenereringen. Skillnaden diremellan kallas den cykliska kapaciteten och ger en
uppskattning av hur mycket aminlésning som kommer behévas for att finga en
specifik méngd koldioxid. Resultaten fran mitt arbete visar att den cykliska
kapaciteten dr jamforbar med kommersiella vattenbaserade aminsystem samt att
l6sningarna ldmpar sig bast for koldioxidavskiljning vid biogasuppgradering och i
industrin, dir man ofta har lite hogre halter av koldioxid i gasen som ska renas.

Vattenfria system med AMP é&r intressanta eftersom huvuddelen av koldioxiden kan
fangas i fasta kristallpartiklar som kan avskiljas fran l6sningsmedlet och eftersom
det gér att reversera reaktionen mellan koldioxid och AMP vid ldgre temperaturer
dn manga andra aminbaserade system. Eftersom lagre temperaturer kan anvindas,
samtidigt som de organiska l6sningsmedlen har hégre kokpunkt &n vatten, innebér
det ocksa att mindre forangning sker under regenereringen. Sammanlagt bidrar
detta till en mer energieffektiv process for koldioxidinfdngning &n de som ar
kommersiellt tillgéngliga idag.
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1 Introduction

The extensive and increasing use of fossil fuels since the end of the 19" century has
led to a rapid increase in greenhouse gas emissions. CO; alone accounts for almost
three-quarters of the annual global emissions (Ritchie and Roser, 2020), which has
led to an increase in atmospheric CO; levels. In 2020, the yearly mean atmospheric
CO; concentration was 412 ppm (DIugokencky and Tans, 2021), compared to pre-
industrial levels of around 280 ppm (Butler, 2013). In order to minimize the impact
on the climate resulting from these emissions, much research in modern times has
focused on ways of reducing our dependence on fossil fuels and reducing emissions
of anthropogenic CO,. Switching to renewable energy sources is an essential step
towards this goal.

However, the rate at which renewable biofuels are being introduced is relatively
slow, especially bearing in mind the growing global energy demand. In 2019, 84%
of the global primary energy consumption was based on fossil fuels (Ritchie, 2020).
The aim set in the Paris Agreement of 2015 was to limit the increase in global
temperature in the 21th century to below 2 °C (preferably a maximum increase of
1.5 °C), compared to pre-industrial times (United Nations Framework Convention
on Climate Change, 2015). However, global CO; emissions continue to increase due
to rising energy demands. The temporary decrease in CO, emissions of 5.8%
observed during 2020 as a consequence of the COVID-19 pandemic (IEA, 2021),
gives an indication of the extensive measures that needs to be taken to reduce CO,
emissions without implementation of CO; reduction technologies. This suggests
that CO» reduction technologies, such as carbon capture and sequestration (CCS)
will be necessary if we are to achieve drastic reductions of the global CO» emissions
and reach the climate goals.

The Intergovernmental Panel on Climate Change (IPCC) published a special report
in 2018 on the impacts of a 1.5 °C increase in global temperature, including various
means of achieving this target (Rogelj et al., 2018). In most of the IPCC scenarios,
CO; reduction technologies resulting in negative emissions are required in order to
limit the global temperature increase to 1.5 °C. Bioenergy with carbon capture and
sequestration (BECCS) is therefore predicted to play an important role in the
mitigation of climate change. One possible way of implementing BECCS could be
to store the CO; that is removed in the upgrading of gaseous biofuels, such as biogas.



The work presented in this thesis is focused on carbon capture techniques using
novel CO; absorption systems. These systems, employing non-aqueous precipitat-
ing amine solutions, were evaluated regarding their potential to capture CO> from
both biogas (i.e., biogas upgrading) and industrial flue gases (i.e., post-combustion
carbon capture). The rest of this chapter provides a brief introduction to the work.
The capture of CO; from gas streams is described in Section 1.1, together with the
two main applications, biogas upgrading and post-combustion carbon capture. The
research questions addressed and the overall aim of this work are presented in
Section 1.2, followed by the outline of the thesis in Section 1.3.

1.1 COx; capture from gaseous mixtures

Biogas is an example of a renewable fuel that can be produced from organic matter.
It is mainly produced by the bacterial conversion of biomass through anaerobic
digestion. The constituents of the resulting biogas are mainly methane (CH4) and
CO,, but minor amounts of impurities such as water vapor, hydrogen, nitrogen,
carbon monoxide and hydrogen sulfide can also be present (Deng et al., 2020).
Various kinds of feedstocks can be used in the production of biogas, e.g.,
agricultural and industrial feedstocks, municipal waste and aquatic biomass (Al
Seadi et al., 2013). The composition of the biogas therefore varies greatly, and may
contain 45-70% CH,4 and 30-55% CO» (Angelidaki et al., 2018).

Biogas is commonly used for the production of heat and electricity and, depending
on the circumstances and equipment used, it can be burned “as is” without further
purification. However, in most cases, some gas cleaning is necessary, for example,
the removal of hydrogen sulfide to avoid corrosion, or particular matter to avoid
fouling (Deng et al., 2020). If the biogas is to be used as a vehicle fuel, or for
injection into the gas grid as a substitute for natural gas, it must be upgraded to
biomethane. In the gas upgrading process, CO: is removed in order to obtain a gas
consisting of mostly CHs, with a higher energy density than the raw biogas. In
Sweden, the required level of CH4 for vehicle gas or injection to the gas grid is 97%
(Cigni et al., 2006; Klackenberg, 2020).

In post-combustion carbon capture, CO; is captured and removed from flue gases
after the combustion of fuels (both fossil fuels and biofuels). If the fuel is combusted
with air, the main constituent is N (typically over 70%), followed by water vapor
and oxygen. Impurities such as SO, NOy and particular matter are also present. The
CO; content in flue gases varies depending on the application and fuel used. Typical
CO; concentrations in power production are 10-15% for coal-fired power plants,
and below 10% for natural gas turbines (Lackner et al., 2010; Song et al., 2004).
The CO, concentration in industrial flue gases varies considerably, depending on
the source. For example, the CO, concentration in the flue gases at the SSAB



steelworks in Luled, northern Sweden, is around 24-30% (Skagestad et al., 2017),
and at the Preem refinery in Lysekil, Sweden, 97% of the total CO, emissions comes
from flue gases in which the CO, concentration ranges from 7 to 24% (Haugen et
al., 2013).

Similar techniques can be used for the removal of CO, in both biogas upgrading and
post-combustion carbon capture. Examples of techniques used are physical and
chemical absorption or adsorption, and membrane separation. One of the most
commonly used techniques is amine absorption, in which CO; is removed from the
gas by reaction with an amine in a liquid solution, at relatively low temperatures
and pressures. Various amine solutions can be used for this purpose, depending on
the process conditions and requirements. Industrially, aqueous amine solutions
using amines such as monoethanolamine (MEA), diethanolamine (DEA), N-methyl
diethanolamine (MDEA) and diglycolamine (DGA) are typically used in gas
upgrading (Angelidaki et al., 2019).

The compositions of biogas and flue gases differ considerably. This means that
different amine solutions may be suitable for different applications. Biogas usually
has a significantly higher CO, content than flue gases, which means that absorption
will be carried out at a higher partial pressure of CO in biogas upgrading.
Depending on the production route and feedstock, biogas contains little or no
oxygen, whereas flue gases from combustion typically contain a few percent by
volume. This means that oxidative degradation is likely to be more pronounced in
post-combustion carbon capture where oxygen is present. Thus, when evaluating
novel amine systems, it is necessary to investigate how the system behaves under
different conditions to evaluate its suitability in different applications.

1.2 Overall aim and research questions

The aim of the work described in this thesis was to evaluate the potential of
precipitating non-aqueous amine absorption as a carbon capture technique. The
research focused on the use of the amine 2-amino-2-methyl-1-propanol (AMP) in
non-aqueous solutions with organic solvents. Various non-aqueous AMP solutions
were studied to identify possible benefits of such systems and any challenges that
may arise. The investigation on whether non-aqueous precipitating AMP systems
are suitable for carbon capture was performed by addressing the following research
questions.

RQ1. Under which absorption and regeneration conditions could different non-
aqueous AMP solutions be suitable for carbon capture?



a. Which temperatures are suitable for CO, absorption and regenera-
tion of non-aqueous AMP systems?

b. How does the CO; partial pressure affect absorption and regenera-
tion of CO» in non-aqueous AMP systems?

c. How do AMP concentration and precipitation of the AMP
carbamate affect the absorption of CO, in non-aqueous AMP
systems?

d. How are the absorption and regeneration of CO; affected by water
accumulation in non-aqueous AMP systems?

RQ2. What are the potential benefits of using non-aqueous AMP solutions
compared to conventional aqueous amine systems?

The findings of this research are presented in Papers I-V, which are appended at
the end of this thesis. Paper I describes the study of the solubility of CO; and heat
of absorption in non-aqueous solutions of AMP in N-methyl-2-pyrrolidone (NMP),
at temperatures up to 88 °C. The results on the rate of absorption of CO; in the
benchmark system of aqueous MEA and non-aqueous solutions of AMP/NMP using
a wetted wall column, are presented in Paper IV. Paper II describes a screening
study of AMP in 7 different organic solvents at absorption conditions. One of the
most promising candidates identified, AMP in dimethyl sulfoxide (DMSO), was
further evaluated, as described in Paper III. Absorption behavior was studied in
terms of solubility and heat of absorption at temperatures up to 88 °C. The chemical
species in solution at absorption and regeneration temperatures was studied using
3C NMR, and compared for solutions of AMP/DMSO and AMP/NMP. The study
presented in Paper V was carried out to evaluate the influence of accumulated water
on the absorption properties of CO; in AMP/DMSO.

1.3 Outline

The background to this work is presented in Chapter 2, where the technique of
chemical CO; absorption using amine solutions is described. It covers the current
state of the art using aqueous amine solutions, followed by the introduction of
alternative amine solutions and why these are attracting interest in this field of
research. Chapter 3 presents the experimental methods used to obtain the results
presented in this thesis. The main results of this work on novel amine solutions for
CO; absorption are presented in Chapter 4, followed by conclusions and suggestions
for future work in Chapters 5 and 6, respectively.



2 Chemical Absorption using
Amines

Amines react selectively with acidic gases such as CO,. Amine-based absorption
systems for carbon capture are often end-of-pipe technologies, where CO, is
removed from gaseous streams, i.e., flue gases or biogas. This is a mature
technology, and is considered one of the most promising for carbon capture, as it
can be retro-fitted to existing industrial plants (Rochelle, 2009).

Conventional amine absorption systems employ aqueous amine solutions. One
example is aqueous solutions of the alkanolamine MEA. Aqueous MEA is
considered a benchmark solution in carbon capture contexts, due to extensive
studies on the system over the years, and the large amount of data available in
literature. Efforts to find amine absorption systems with improved properties for
carbon capture, such as higher CO, absorption capacity or absorption rates, have led
to the development of new amine solutions. A system consisting of aqueous
piperazine (PZ) and AMP has recently been proposed as a new benchmark (Feron
et al., 2020). However, aqueous MEA is still widely used for comparison purposes,
and was thus used as the benchmark in the work presented in this thesis.

The following sections describe the basics of chemical absorption, using aqueous
MEA as an example. This is followed by an introduction to alternative approaches,
such as non-aqueous and phase-changing absorption systems, and the potential
benefits such systems might bring.

2.1 Aqueous amine absorption

The proposed reaction mechanism for CO: in aqueous solutions of the primary
amine MEA, involves the formation of the MEA carbamate and, since water is
present, the formation of bicarbonate. The reactions involved in the case of primary
amines (RNH>) in aqueous solutions, according to the zwitterion mechanism, are
given in Reactions 1-4 below (Caplow, 1968; Danckwerts, 1979; Vaidya and Kenig,
2007).

€0, + RNH, o RNH}C0O0™ (1



RNH$C00~ + RNH, & RNHC0OO~ + RNHZ (21
RNH}C0O0™ + H,0 < HCO3 + RNHZ (3}
RNHCOO™ + H,0 & HCO5 + RNH, (41

Water can also participate in additional reactions in aqueous solutions, according to
Reactions 5-8 (Puxty and Maeder, 2016; Vaidya and Kenig, 2007).

RNH, + H,0 < RNH3 + OH~ {5}
H,0 & H* + OH~ {6}
CO, + OH™ & HCO3 {7}
CO, + H,0 < HCO3 + H* {8}

For amines that form stable carbamates, the formation of bicarbonate (Reactions 3-
4) is limited. This is the case for aqueous MEA, where the overall reaction can be
written according to Reaction 9, with a maximum loading of 0.5 CO»/mol MEA.

CO,+2RNH, & RNHCOO~ + RNH {9}

If the amine is sterically hindered, thus forming a sterically hindered carbamate in
the reaction with CO,, bicarbonate formation is favored in aqueous solutions. This
is the case for the primary alkanolamine AMP, where the maximum theoretical
loading of CO; in an aqueous system is 1 mol COz/mol AMP, according to
Reaction 10.

€0, + RNH, + H,0 < HCO3 + RNH3 {10}

The above equilibrium reactions take place in an absorption column, where the
different CO,-containing species are formed in the amine solution. The reactions are
then reversed in a stripping column to regenerate the gaseous CO,. A schematic of
a simple CO; capture plant using conventional aqueous amine solutions is presented
in Figure 1. The COs-containing gas enters at the bottom of a counter-current
absorption column, where the gas comes into contact with the amine solution. The
gaseous CO; is absorbed in the liquid, where it reacts with the amine. The solution,
which is now rich in CO,, exits at the bottom of the absorber. Before entering the
stripping column, the CO»-rich solution is pumped through a heat exchanger where
it is pre-heated using the lean solution exiting the stripper. The temperature in the
stripper is raised further to the regeneration temperature needed to desorb CO,. The
lean solution is then returned, through the heat exchanger, back to the absorption



column. A mixture of desorbed CO, and water vapor from the stripper passes
through a condenser, where the water is condensed and recycled back to the stripper.
If the CO; is to be transported in pipelines and stored geologically, it must be
compressed to around 150 bar after the regeneration step (Aspelund and Jordal,
2007; Rochelle, 2009; Roussanaly et al., 2013).

Clean gas o,

.
M —
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Figure 1. Schematic of a simple amine absorption process including an absorption column, stripping column and heat
exchange between the CO2-rich (red) and lean (blue) solution.

The lean amine solution and the CO,-containing gas are typically cooled to 40 °C
before entering the absorption column. Since the absorption reactions (moving to
the right in Reactions 9-10) are usually exothermic, heat is evolved, causing a
temperature increase in the absorption column. This increase is dependent on the
heat of absorption and the heat capacity of the solution, both of which can vary
between different absorption solutions. The heat of absorption (AH.ps) includes the
heat of dissolution (AHs.1) as CO» dissolves in the absorption solution, and the heat
of reaction (AHwxn) from CO: reacting with the species in solution, according to
Eq. 2.1.

AHgps = AHgop + AHpyp (2.1)

During regeneration, the equilibrium reactions must be shifted towards the desorp-
tion of CO,. The heat required for regeneration (AHr,) includes the heat needed to
raise the temperature of the solvent to the appropriate regeneration temperature
(sensible heat, AHsns) and the heat needed to reverse the reactions taking place
during the absorption of CO; (heat of absorption). For conventional aqueous



systems, temperatures of 2120 °C are usually used for regeneration. In addition, the
energy requirement also includes the heat of vaporization (AH,.p) for the water com-
ponent. The heat of regeneration can thus be expressed according to Eq. 2.2. It
should be noted that as the heat of absorption varies with temperature, its value may
be different at absorption and regeneration conditions.

AHyeq = AHaps + AHgens + AHygp (2.2)

Literature data for the solubility of CO: in 30 wt% aqueous MEA at 40 and 120 °C,
are shown in Figure 2 (Aronu et al., 2011a; Jou et al., 1995; Ma’mun et al., 2005;
Shen and Li, 1992; Tong et al., 2012; Wanderley et al., 2020a). The partial pressure
of CO» plays an important role during both absorption and desorption. Absorption
is usually carried out at ambient pressure (Feron, 2016). The maximum rich loading,
or absorption capacity, can thus be estimated from the partial pressure of CO; in the
incoming gas. For flue gases in coal-fired power production, where the pressure
corresponds to approximately 10-15 kPa, the maximum CO; loading is about 0.52
mol CO»/mol MEA. For biogas, where the CO, content is higher, slightly higher
loadings can be achieved. For a CO; partial pressure of 50 kPa this corresponds to
about 0.6 mol CO»/mol MEA. During regeneration, the partial pressure of CO is
dependent on the amount of steam that is produced in the stripper and the total
pressure in the column. For aqueous MEA, lean loadings of around 0.2 are usually
achieved at CO; partial pressures of about 10 kPa (Aronu et al., 2014; Knuutila and
Nannestad, 2017). The amount of CO; that can be captured by a specific system,
called the cyclic capacity, can be estimated from the solubility data as the difference
between the rich and lean loadings under absorber and stripper conditions,
respectively. In the case of 30 wt% aqueous MEA above, the cyclic capacity is
typically slightly above 0.3 mol CO»/mol MEA.

One of the major disadvantages of carbon capture is the high cost associated with
the process. From a CCS perspective, over 70% of the cost is associated with
capturing and compressing the CO, to the pressures required for geological storage
(Vitillo et al., 2017). The cost must therefore be reduced to make CCS a viable
option. When using aqueous MEA and the process design illustrated in Figure 1, the
regeneration step, where the absorption solution is heated, has the highest energy
demand, accounting for 70-80% of the operating cost (Aaron and Tsouris, 2005).
The energy consumption of commercial CO» capture plants using aqueous MEA is
in the range 3.5-4.3 GJ/ton CO; (Arachchige and Melaaen, 2013).
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Figure 2. Literature data for COz2 solubility in 30 wt% aqueous MEA presented as CO: partial pressure (Pcoz) as a
function of loading (a), at 40 °C (green) (Aronu et al., 2011a; Jou et al., 1995; Shen and Li, 1992; Tong et al., 2012;
Wanderley et al., 2020a) and 120 °C (orange) (Jou et al., 1995; Ma’'mun et al., 2005; Tong et al., 2012; Wanderley et
al., 2020a).

One way of reducing the energy required for regeneration, and thus the operating
cost, is to introduce advanced process configurations. This is usually done in order
to improve the absorption or thermal integration (Le Moullec and Neveux, 2016).
Although the temperature required for regeneration is the same, increasing the cyclic
capacity of the absorption solution decreases the solvent flow rate, which may
reduce the energy requirement. Examples of absorption enhancement are
intercooling of the solution in the absorption step to lower the temperature of the
absorption solution and thus achieve higher rich loadings, and recirculating the rich
solution at the bottom of the absorber to achieve longer contact times and thus higher
rich loadings. The aim of thermal integration is better heat recovery within the
capture process, for example, minimizing waste heat and utilizing the heat in the
different process streams. There are many examples of advanced stripper
configurations, two of which are stripper overhead compression (SOC) and lean
vapor compression (LVC) (Le Moullec and Neveux, 2016). In SOC, the gas exiting
at the top of the stripper is compressed and then condensed to release heat, which
can be used to pre-heat the rich solution (Oh et al., 2020) or be used in the stripper
reboiler. In LVC, the hot lean solution exiting the stripper is flashed to obtain a
gaseous stream (mostly CO; and H,O) that can be compressed and reintroduced into
the stripper at a higher temperature, thus reducing the reboiler duty. Knudsen et al.
reported a 20% decrease in reboiler duty for 30 wt% aqueous MEA when LVC was



implemented in a pilot plant (Knudsen et al., 2011). Using simulations, Oh et al.
found that stripper configurations employing combined SOC and LVC for
regeneration of 30 wt% aqueous MEA reduced the reboiler duty by almost one third
(Oh et al., 2020). However, the potential benefit of implementing both SOC and
LVC must be evaluated for individual cases due to the extra electricity required for
compression. Another type of configuration is the advanced flash stripper, in which
the normal stripper reboiler is replaced with a steam heater and flash vessel (Lin and
Rochelle, 2016; Rochelle, 2016). Several heat exchangers are used to recover heat
from the gas and the hot lean solution leaving the stripper, as well as from the water
from the flash vessel. Advanced flash stripping has been tested successfully on pilot
scale using aqueous PZ, and was found to reduce the heat duty by over 25%
compared to previous stripper designs (Lin et al., 2016).

Although changing the stripper configuration has shown considerable potential in
reducing the energy required by aqueous amine systems, there has been a simultan-
eous increase in interest in alternative absorption solutions, also with the aim of
reducing the energy requirement, and thus the cost of carbon capture. Examples of
such systems are water-lean and non-aqueous systems, where the water component
in the absorption solution is replaced with organic solvents, in order to reduce the
sensible heat and heat of vaporization compared with aqueous systems. Interest has
also been shown in alternative absorption solutions showing phase changing
behavior, either phase-splitting liquids or precipitating systems. These systems
employ unconventional capture design, where less solution has to be regenerated,
potentially reducing the energy requirement. These alternative types of absorption
systems are discussed in the following sections.

2.2 Water-lean and non-aqueous absorption systems

Replacing water in the absorption solution with an organic solvent, or solvent
mixture, is one approach in trying to reducing the energy required for carbon
capture, while still using a process design and infrastructure similar to those in
conventional aqueous systems. These types of systems are referred to as a water-
lean solvent (WLS) when some of the water is replaced, and a non-aqueous solvent
(NAS) when all the water is replaced.

Many different types of absorption solutions are classified as WLSs or NASs.
Examples are non-aqueous amine blends, amino silicones, switchable carbamates,
ionic liquids, amino acids in organic solvents, alkyl carbonates, N-heterocyclic
azoles and hybrid systems (combinations of organic and inorganic components)
(Heldebrant et al., 2017). However, this section focuses on absorption solutions
based on amines and organic solvents.
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The addition of an organic solvent to an absorption solution alters the physical
properties of the system. The heat of vaporization can be reduced by choosing a
solvent that is less volatile and has a higher boiling point than water, which reduces
the amount of solvent that evaporates during regeneration. Solvents with specific
heat capacities lower than that of water can also reduce the amount of energy needed
to heat the solution before entering the regeneration column, thus lowering the
sensible heat needed for regeneration. In addition, organic solvents can provide
higher solubility of CO, than water, increasing the mass transfer in the absorption
step, potentially leading to higher absorption rates (Wanderley et al., 2019).

As many organic solvents are hygroscopic, water can accumulate in a NAS if the
incoming gas is humid. This may change the properties of the absorption system, as
the presence of water enables the formation of other species in solution according
to Reactions 5-8. The distribution of reaction products will thus change with the
accumulation of water in the absorption system. This may result in the need to dry
the incoming gas, or remove water from the absorption solution. Some water in the
system can, however, be beneficial at the absorption stage, due to its high heat of
vaporization (Wanderley and Knuutila, 2020). In aqueous absorption systems, some
water is evaporated in the absorption column by the heat evolved by the exothermic
reactions taking place, which reduces the increase in temperature of the solution. In
a NAS where less evaporation occurs during absorption, a higher temperature
increase can be expected, which may result in a lower rich loading. Introducing
intercooling in the absorption step may thus be necessary to maintain a low
temperature, and a high rich loading.

The physical solubility of CO», which determines how much CO; that dissolves in
the solution, is often significantly higher in organic solvents than in water. Thus, the
physical solubility of CO; in WLSs and NASs typically increases with increasing
ratio of the organic solvent (Garcia et al., 2018). A higher physical solubility of CO,
could in theory facilitate the reaction between CO, and the amine in solution due to
more CO; being dissolved in the solution, and therefore being available for reaction.

The reaction pathways for CO> in an amine solution will vary depending on the
functional groups and degree of steric hindrance of the amine and, of course, the
solvent used. As described above, it has been proposed that MEA reacts via a
zwitterionic species to form the MEA carbamate (Reactions 1-2). However, the
water component also plays a role in the reactions; bicarbonate being the end-
product (Reactions 3-8), increasing the loading slightly. Replacing the water
component with an organic solvent will thus change the reaction pathways.

If the organic solvent itself does not participate in the reaction with CO,, the overall
reaction for non-aqueous MEA is reduced to that with the amine, according to
Reaction 9. Compared to the case of aqueous MEA, the maximum theoretical
loading would be slightly lower due to the lack of formation of bicarbonate. For
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sterically hindered primary amines, such as AMP, this would mean a decrease in the
maximum loading by half, compared to the aqueous case.

If hydroxyl groups are present in the organic solvent (alcohols) they can participate
in the reaction with CO; forming the corresponding alkyl carbonate (Reaction 11),
further increasing the maximum theoretical loading. The formation of solvent alkyl
carbonates usually increases with increasing steric hindrance of the amine, due to
the lower stability of the amine carbamate formed (Chowdhury et al., 2020).

€0, + RNH, + R'OH < R'0C00~ + RNH} (11}

Changing to an organic solvent can thus reduce the rich loading of the system that
can be achieved, but the possible lean loading may also decrease. Figure 3 shows
the CO; solubility, at 40 and 120 °C, in non-aqueous solutions of MEA in solution
with NMP (Wanderley et al., 2020a), MEG (monoethylene glycol) (Wanderley et
al., 2020a) and EGME (2-methoxyethanol) (Guo et al., 2019). As can be seen, lower
lean loadings can be achieved at lower partial pressures of CO; than in the aqueous
MEA case (Figure 2). However, when organic solvents with boiling points above
that required for desorption are used, the partial pressure of CO> in the regeneration
column will be higher than when water vapor is present. Thus, in order to achieve
lower lean loadings and increase the cyclic capacity, the CO; partial pressure must
be kept low. This could be done by introducing an inert stripping gas during
regeneration. However, this would alter the regeneration conditions, and several
factors would have to be taken into account, such as the gas miscibility with the
absorption solution, and how easy it is to separate it from the desorbed CO, (Wang
et al., 2017).

The dielectric permittivity has been suggested to play a role in the shifting of the
CO; loadings obtained towards lower equilibrium values when using organic
solvents (Wanderley et al., 2019). Solvents with low dielectric permittivity are
expected to lead to poor stabilization of the charged carbamate (Reaction 2) in the
solution. Thus, carbamate formation will be less favored, shifting the equilibrium to
the left, causing less CO> to be chemically absorbed in the solution (Wanderley et
al., 2020a, 2019). The shift towards lower CO; loadings overall could have potential
benefits, as amine-based absorption solutions typically become more corrosive as
the CO» loading increases (Pearson and Cousins, 2016).

Another advantage of WLSs and NASs is their potential to lower the temperature
needed for regeneration. Replacing water with amines that form sterically hindered
carbamates can result in lower regeneration temperatures (80-90 °C) as further
reaction to more stable reaction products can be limited by the choice of solvent
(Barzagli et al., 2013b; Chowdhury et al., 2020; Svensson et al., 2014a). This means
that low-grade heat can be used to regenerate the absorption solution.

12



1000

o (0]
o (@]
]
100 O
oe o)
g oo
=< 10 ]
3 O, o
a” O o
(o]
1 <o
(o)
(<o
0.1 O
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
a (mol CO,/mol MEA)
O 30 wt% MEA in NMP** 030 wt% MEA in EGME* © 30 et% MEA in MEG**
30 wt% MEA in NMP** 30 wt% MEA in EGME* 30 wt% MEA in MEG**

Figure 3. Literature data showing the solubility of COz in non-aqueous MEA solutions at 40 °C (green) and 120 °C
(orange). * (Wanderley et al., 2020a), ** (Guo et al., 2019)

2.3 Phase changing absorption systems

Phase-changing CO, absorption systems are reactive homogeneous liquid systems
that separate into two phases as CO; is absorbed and reacts. A CO»-rich phase that
includes most of the absorbed CO> is formed from the reaction products, and a CO»-
lean phase that consists mainly of the solvent and physically absorbed CO».
Depending on the nature of the CO; absorption system, phase-changing solvents can
be divided into two categories, namely precipitating systems, where a new solid
phase is formed from the reaction with CO; (turning the solution into a liquid/solid
slurry), and bi-phasic liquid systems, where a new CO,-rich phase, which is
immiscible with the CO-lean phase, is formed. This separation into a lean and a
rich phase is accompanied by the heat associated with the phase transition, and must
be accounted for in the respective part of the capture process. The heat of
regeneration for such systems is described by Eq. 2.3, where the heat of phase
change (AHppqse) 1s included.

AHreg = AHabs + AHsens + AHvap + Athotse (2-3)

Separation into a CO»-rich and a lean phase allows most of the absorbed CO> to be
concentrated in one stream that is sent to the regeneration column, while the lean
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phase is sent back to the absorption column without regeneration. Since
regeneration is highly energy intensive, these types of systems have the potential to
reduce the energy required for regeneration (Liang et al., 2015; Shen et al., 2017).

A simplified schematic of a process employing a phase-changing CO, absorption
system is shown in Figure 4. The solution from the absorber passes through a
separation unit where the rich phase is separated and sent to the stripper, and the
lean phase is mixed with the regenerated solution and sent back to the absorption
column.
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Figure 4. Schematic of a process employing a phase-changing absorption system, including an absorption column,
rich/lean phase separation, regeneration and heat exchange between the COz-rich (red) and lean (blue) solution.

The unconventional design required for post-combustion carbon capture using
phase-changing absorption systems is considered one of the major challenges
associated with these types of systems (Budzianowski, 2017). Apart from the
additional separation step, phase-changing systems can differ significantly from
conventional aqueous systems, as alternative designs might be required for all the
process units. Nevertheless, several pilot studies using phase-changing systems have
been carried out in recent years. An example is the DMX™ process developed by
IFP Energies nouvelles. This employs a bi-phasic liquid amine solution that
separates into a CO,-rich aqueous phase and a CO,-lean organic phase that contains
most of the amine. The phases are then separated after the heat exchanger so that
only the rich phase is regenerated, thus reducing the heat duty compared to
conventional process designs (Raynal et al., 2011). This system was successfully
tested in a mini-pilot plant (Raynal et al., 2014), and is also being tested in an
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industrial-scale pilot plant in a project ending in 2023 (CORDIS EU research results,
2020). Pilot studies have also been carried out demonstrating the use of precipitating
potassium carbonate solutions where the solid precipitate was dissolved before the
stripper (Aronu et al., 2018). A precipitating potassium carbonate solution has also
been studied in a pilot plant using industrial flue gas, where a hydrocyclone was
used to separate the lean and rich phases before the regeneration step (Smith et al.,
2017).

2.4 Important properties of absorption solutions and
methods used to evaluate them

The CO; solubility is one of the most important properties of a potential absorption
solution, and is defined as the amount of CO, absorbed by the solution at a certain
CO; partial pressure and temperature. It is usually determined by measuring the
vapor—liquid equilibrium (VLE) of the system. The solubility of CO, usually
decreases with increasing temperature. By collecting VLE data at temperatures and
pressures that correspond to absorption and regeneration conditions, it is possible to
estimate the potential rich and lean loadings that can be achieved at those conditions.
From these data, it is then possible to estimate the cyclic capacity, which is the
difference in rich and lean CO; loading at absorption and regeneration conditions,
and gives an indication of the amount of solution that is needed to capture a certain
amount of CO,. The more solution that is needed to capture CO», the larger the
process units must be, and the more energy is needed to heat the solution in the
regeneration step. The solubility of CO; can be measured using various methods,
provided that the distribution of a known amount of CO; between the gaseous and
liquid phase can be determined.

The heat of absorption includes both the heat of dissolution and the heat of reaction.
Physical and chemical absorption of CO; are both typically exothermic processes.
The amount of heat released is important at the absorption stage, as this will lead to
a temperature increase in the absorption column. If the heat of absorption is high,
cooling of the solution during absorption will be necessary to avoid high
temperatures that would reduce the rich loading and lower the overall cyclic
capacity. The heat of absorption at regeneration temperatures is also important as it
gives an indication of the amount of heat required to reverse the reaction, in order
to desorb the CO». A low value of the heat of absorption could be beneficial, as this
will give rise to a smaller temperature increase during absorption, and also less heat
needed during CO; desorption in the regeneration step. However, the overall process
design and other properties of the absorption solution, such as rate of reaction and
loading capacity, which influence the solvent flow rate, also play important roles in
the amount of heat required (Oexmann and Kather, 2010). The choice of method
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used for the regeneration of an absorption solution can also be affected by the heat
of absorption. For absorption solutions with a lower heat of absorption a pressure
difference between the absorption and regeneration step (pressure swing) could be
advantageous, whereas a temperature difference (temperature swing) could be
advantageous for solutions with a higher heat of absorption (Oexmann and Kather,
2010).

The heat of absorption can be estimated from VLE data and the Gibbs-Helmholtz
equation (Mathias and O’Connell, 2012). However, since the measurement error in
the VLE data propagates in this type of calculation, resulting in high uncertainty in
the estimated heat of absorption (Kim and Svendsen, 2007; Murrieta-Guevara et al.,
1992), reaction calorimetry has become an established technique (Kierzkowska-
Pawlak and Sobala, 2020; Mathonat et al., 1998; Wanderley et al., 2020b). This
technique provides information on the VLE that can be used to estimate the
solubility of CO; in an absorption solution. Since this technique also measures the
heat flow needed to keep the temperature constant, it simultaneously allows for
estimation of the heat of absorption.

The rate at which CO; is absorbed by a solution determines the necessary contact
time between the incoming gas and the absorption solution. If the rate of absorption
is low, a longer contact time will be needed, meaning a larger absorption column.
The absorption rate is measured in terms of the CO, flux, from which the kinetic
constants can be estimated. Common techniques to measure the absorption rate,
involve counter-current setups, where a defined contact surface area can be
obtained, and the concentration of CO, in the incoming gas is compared to that in
the outgoing gas. Techniques such as the wetted wall column (WWC) (Lillia et al.,
2018; Puxty et al., 2010; Yuan and Rochelle, 2018) or a string of discs (Aronu et
al., 2011b) are commonly used. The rate of absorption is typically dependent on the
concentration of both CO; and the amine. The reaction rate and kinetic constants
can be estimated from the measured absorption rate. In order to facilitate these
calculations, the experiments are often performed so that a pseudo-first-order (PFO)
reaction can be assumed. This relies on the assumption that the reaction is fast, and
that the concentration of the reactive amine is high enough to be considered constant
at the gas—liquid interface and in the solution, throughout the experiment. The rate
of absorption can also be estimated using a stirred cell reactor. In such setups, CO»
is introduced into a batch reactor and the flux is estimated from the pressure decrease
over time and the gas—liquid interfacial contact area (Kierzkowska-Pawlak, 2015).
This method usually also uses the PFO assumption to facilitate the calculations.
Semi-quantitative designs have also been used for fast screening and comparison of
absorption rates where CO, is bubbled through the absorption liquid, and the gas—
liquid interfacial area is unknown (Ma’mun et al., 2007).

The viscosity and volatility of the absorption solution are also important properties.
The viscosity affects the diffusivity of dissolved species, which in turn affects the
rate of absorption. If the viscosity is too high, the PFO assumption may not be valid,
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as the diffusivity of the dissolved species will be too low. The viscosity also affects
the heat transfer in the heat exchangers and the work needed to pump the solution
(Rochelle, 2016; Wanderley et al., 2019). The volatility affects the solvent loss in
the capture process. If the volatility is high, solvent traps are needed to reclaim the
solvent that would otherwise be lost with the outgoing gas (Rochelle, 2016).
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3 Methods

Many experimental methods commonly used to study liquid absorption systems
cannot be used for precipitating absorption solutions. The formation of solid
particles during the measurements complicates the evaluation of these types of
systems. The work presented in this thesis focused mainly on the evaluation of non-
aqueous absorption systems based on AMP. This chapter describes the main
methods used and the experimental conditions, while the results obtained are
presented in the next chapter.

3.1.1 Evaluation of the solubility of CO:2 and heat of absorption

All the data on the solubility and heat of absorption included in this thesis (Papers
L, IL, III & V) were obtained using a true heat flow reaction calorimeter (Chemical
Process Analyser CPA 201, ChemiSens AB). The experimental setup is illustrated
in Figure 5. A stirred batch reactor, made of glass and stainless steel, with a volume
0f 250 ¢cm?’, was used in all the experiments. The amount of absorption solution was
determined gravimetrically before being loaded into the reactor. Before each
experiment, the reactor was evacuated at 25 °C for 10-12 s, after which the
temperature was increased to the desired experimental temperature. The
temperature was kept constant by a thermostat unit, using a water bath. The system
was then allowed to equilibrate before CO, was introduced. The initial equilibrium
pressure accounts for the remaining air and solvent vapor pressure of the unloaded
solution and was assumed to remain constant throughout the duration of the
experimental run. Equilibrium was assumed to have been reached when the signals
for the total pressure and true heat flow deviated by less than 0.005 bar and 0.02 W,
respectively, for approximately 30 min. CO» was then injected in a series of small
doses using a mass flow controller (MFC), and the system was allowed to equilibrate
between injections. The signals from the MFC, temperature, pressure and true heat
flow sensors were logged throughout the experiment.
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Figure 5. Schematic of the chemical process analyzer (CPA 201) experimental setup used for the calorimetric
experiments. Gas (orange) was dosed using a mass flow controller (MFC) and signals from MFC flow (F),
temperature (T), pressure (P) and true heat flow (Q), were continoulsy logged.

The data obtained from the calorimeter were evaluated as described previously
(Svensson et al., 2014a, 2014c). The CO, partial pressure was estimated from the
increase in total pressure resulting from each CO; injection. The amount of absorbed
CO: ((nco2)abs) Was estimated according to Eq. 3.1, as the difference between the
amount of CO» added ((nco2)adaed) and the amount of CO» estimated to remain in the
gaseous phase.

P \%4
(Mco2)aps = (Mco2) addea — ;OTZ (3.1)

where Pcoz is the partial pressure of CO, V is the volume of the gas above the liquid
sample in the reactor, R is the molar gas constant and T is the temperature.

Henry’s constant (H) was estimated for the different organic solvents according to
Eq. 3.2, where Xco» is the molar ratio of CO; in the solvent.

H = Ecoz (3.2)

Xcoz

For the reactive amine solutions, the CO, loading (o) expressed as mol CO»/mol
AMP was estimated according to Eq. 3.3.

a= (nco2)abs (3.3)

" (namp)o

where (nawmp)o is the total molar amount of AMP in the solution.
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The heat produced in the reactor (Q) was estimated by integrating the true heat flow
signal. The heat of absorption (-AHaps) was then estimated as either the integral heat
of absorption (Eq. 3.4), where the total amount of heat is divided by the total amount
of absorbed CO», or the differential heat of absorption (Eq. 3.5), where the heat
released after each injection is divided by the amount of CO, absorbed in that
injection.

Qo
—AHabs,int = m (34)
~AHapsaiff = 5— o

The method described above does not distinguish between physically and chem-
ically absorbed CO; in the liquid phase. Nor does it distinguish between the CO,
present in the liquid and in the solid precipitate, as it is not possible to determine
how much precipitation forms during each CO> injection. Neither is it possible to
distinguish between different reactions. Thus, the heat of absorption will be a
collective value for all equilibria and reactions taking place as COs is introduced
into the system. For CO, absorption in precipitating AMP systems the heat of
absorption thus includes the heat of dissolution, the heat of reaction and the heat of
precipitation.

The uncertainties in the values obtained were calculated by statistical calculations
to estimate the error propagation, taking into account the uncertainties in the
individual measurements and steps in the sample preparation. The uncertainties
varied for the different AMP solutions but were in general between 1-3% for the
amount of CO, absorbed in the solutions, and between 1-4% for the heat of
absorption values.

3.1.2 Absorption rate

A WWC was used to estimate the rate of absorption in a non-aqueous AMP solution
(Paper IV). The overall experimental setup is shown in Figure 6, and a schematic
of the WWC is shown in Figure 7. The WWC consists of a stainless-steel pipe,
through which the absorption solution is pumped in from the bottom. The solution
is evenly distributed over the outside of the pipe before it exits at the bottom of the
column. The known dimensions of the pipe, and estimates of the area of the liquid
film allow the liquid surface i.e., the contact area between the solution and gas, to
be estimated. A gas mixture consisting of a CO,, N> and He (inert standard) enter
through three pipes at the bottom of the WWC, and exit at the top. The gases were
dosed individually using MFCs, so that the CO content in the gas mixture could be
varied. Before the gas mixture entered the column, it was saturated by bubbling it
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through either water or organic solvent, in the aqueous and non-aqueous
experiments, respectively.

The liquid temperature was measured at both the inlet and outlet of the column. A
Hiden analytical mass spectrometer (HAL IV RC RGA101) was used to analyze the
gas composition. The amount of CO; absorbed was obtained from the difference in
CO; pressure signal when gas either bypassed or passed through the WWC. The
pressure signal was calibrated with the inert standard.

et [CR

Tank

WwC

A

oo Waterbath,

Figure 6. Schematic of the experimental setup used for the measurements with the wetted wall column (WWC)
(Paper IV). The gas (orange) composition was analyzed using a mass spectrometer (MS) and the liquid solution
(green) was circulated using a pump (P). Thermocouples (T) ware used to measure the temperature at the inlet and
outlet of the WWC.

Gas out
— Cooling water
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Cooling water
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Gasin
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Figure 7. Schematic of the wetted wall column (WWC) used in the experiments described in Paper IV. Gas (orange)
entered from pipes at the bottom of the column and exited from the top of the reactor. The liquid solution (green)
entered through a stainless steel pipe and exited from the bottom of the column. The pipe is enclosed by glass walls
held together by stainless steel plates.
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The experiments were carried out using initially unloaded solutions to ensure that
no precipitation would occur during the experiment, as this would have changed the
estimated contact area. The CO» flux (Nco2) was estimated by dividing the amount
of CO; absorbed by the contact area. The two-film theory (Lewis and Whitman,
1924) was used, in which the physical absorption is described by CO» mass transfer
in two steps, first through a gas film (from the gas bulk to the gas—liquid interface),
then through a liquid film (from the interface to the liquid bulk), as illustrated in
Figure 8. The CO, flux on the gaseous side (Eq. 3.6) is described by the gas-side
mass transfer coefficient (kg) and the CO; pressure difference between the gas bulk
(Pcoz,bui) and the interface (Pco2,i). Similarly, the liquid-side CO» flux (Eq. 3.7) is
described by the liquid-side mass transfer coefficient (ki) and the CO, concentration
difference between the interface (Ccoz,i) and the bulk liquid (Ccozpuk). The liquid
side mass transfer coefficient includes the physical mass transfer coefficient (k%)
and the chemical reaction, which is accounted for through the enhancement factor
(E). The difference in CO; concentration in the liquid film can be expressed in terms
of CO; partial pressure, resulting in the right-hand side of Eq. 3.7, where the liquid-
side mass transfer coefficient is now denoted k',. Combining Egs. 3.6 and 3.7 results
in the overall expression for the CO» absorption from the bulk gas to the bulk liquid,
expressed in Eq. 3.8, where Kg is the overall mass transfer coefficient.

] ]
PCOZ,bulk. ™
\ a
(] (]
= k‘q =
(] (]
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[ ] [ ]
] ]
(] (]
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: " o2 buik
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[ ] [ ]
] | ]
(] Reaction E (]
u Zone u
(] ! (]
Bulk gas ® gas film liquid film = Bulk liquid

KG

Figure 8. lllustration of the two-film theory, showing CO2 mass transfer from the gas to the liquid bulk with fast
chemical reactions. Adapted from (Dugas, 2009).

23



NCOZ,g = g(PCOZ,bulk - PCOZ,i) (3.6)

NCOZ,l = kl(CCOZ,i - CCOZ,bulk) =E- klO(CCOZ,i - CCOZ,bulk) =
kg’; (PCOZ,i - PEOZ,bulk) (3.7

Ncoz = K¢ (Pcoz,putk — Pcoz,puik) (3.8)

The gas-side mass transfer in the column was first characterized using aqueous
MEA, to determine k,. The same gas conditions were then used for the experiments
on the rate of absorption in the AMP solution. The overall mass transfer coefficient,
Kg, was estimated from the CO, flux, from which the liquid-side mass transfer
coefficient (k'y) could then be estimated, according to Eq. 3.9.

1 _ 1 , Heop_ 1 , 1 3.9
Kc_kg+E«k?_kg+krg (3.9)

If the experiments are performed with the assumption that the reaction is in the PFO
regime, the second-order rate constant (k») can be estimated from the liquid-side
mass transfer coefficient. This assumption can be made if the reaction is
independent of the amine concentration, which is true if no depletion of amine
occurs at the gas—liquid interface, and if the equilibrium reactions favor product
formation, which is true if the equilibrium constant is high (Versteeg et al., 1996).
A PFO reaction regime can be assumed if the conditions in Eq. 3.10 are met, i.e. if
the Hatta number (Ha) is greater than 3 and much less than the infinite enhancement
factor (E.) (Danckwerts, 1970).

3<Ha<KE, (3.10)
The Hatta number can be expressed by the second order rate constant (k»),

concentration of the amine (Caminepuiv), the diffusivity of CO; in the liquid (Dco2,19),
and the physical mass transfer coefficient (k/°), according to Eq. 3.11.

K>-C armi -D
Ha = Jk2 Ammj:;]uzk coz,lq (3.11)

The infinite enhancement factor can be estimated according to Eq. 3.12, from the
diffusivities of amine and CO; in the solution (Daminelq and Dco2q), The bulk
concentration of the amine (Camine,buic) and the CO; concentration at the gas-liquid
interface (Ccoz,i). Vamine 18 the ratio of amine to CO, from the reaction mechanism.

Eoo — 1 + DAmine,lq'CAmine,bulk (312)
Vamine'Dcoz,1q°Ccoz,i
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3.1.3 Nuclear magnetic resonance

Carbon-13 nuclear magnetic resonance ('*C NMR) was used to investigate the
chemical species in liquid non-aqueous AMP solutions (Paper I1I) and in AMP
solutions with added water (Paper V). Before the experiment, AMP solutions were
stirred under a '*CO, atmosphere for 30 min. Samples of the CO,-containing
solutions were then transferred to capped NMR tubes immediately before the
measurements. Spectra were recorded for each sample, using either a Bruker or
Varian 400 MHz spectrometer fitted with a 5 mm probe, at temperatures between
30 and 80 °C for the non-aqueous solutions, and between 30 and 88 °C for solutions
containing water. For the non-aqueous samples, an average of 1024 scans,
employing 20-degree pulses separated by 5 s delay, was used for each spectrum. For
the samples with added water an average of 512 scans employing 20-degree pulses
separated by 5 s delay, was used. In all measurements, DMSO-ds were used as a
reference for the chemical shift.

As solid particles cannot be detected using this method, the amine concentration in
the evaluated samples was kept low (below 10 wt% for AMP/DMSO and 2.5 wt%
for AMP/NMP) to avoid precipitation during the measurements. As these low amine
concentrations and the lack of precipitation would provide a low CO, capture
capacity, any CO; absorption systems based on these components would be favored
by a higher amine content. However, the results of the *C NMR measurements
provide an indication of which chemical species are formed, as CO; reacts with
AMP in either NMP or DMSO. Information can also be obtained on how the
distribution of species in the solution changes with increasing temperature. The
results can, however, not be directly translated to solutions with higher AMP
concentrations, as reaction products formed by side reactions might not be detected.
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4 Amine Absorption using AMP and
Organic Solvents

The primary amine AMP was studied in different non-aqueous absorption
formulations. AMP is a sterically hindered primary alkanolamine, and its structure
is shown in Figure 9.

CHs
NH,
HO
CHj

Figure 9. Chemical structure of 2-amino-2-methyl-1-propanol.

In a non-aqueous solution, AMP reacts with CO, according to Reactions 12-13.
Physical absorption of CO; takes place according to Reaction 12 as the gaseous (g)
CO; is dissolved in the liquid solution (sol). The AMP carbamate is then formed
according to Reaction 13 as a result of the reaction between AMP and COx. If the
solvent is not involved in the reaction, the maximum theoretical loading is limited
to 0.5 mol CO2/mol AMP.

C0,(g) 2 CO,(sol) {12}
C0,(sol) + 2 RNH,(sol) @ RNHS (sol) + RNHCOO™ (sol) {13}
A higher CO, loading can be achieved if the solvent participates in the reaction.
When alcohols are used as solvents, further reaction to the corresponding alkyl
carbonate can occur, according to Reaction 14, with AMP as the counter-ion. The

maximum theoretical loading in this case is 1 mol CO»/mol AMP.

C0,(sol) + RNH, + R'OH 2 RNHj (sol) + R'0C00~ (sol) 14}
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If the solvent does not participate in the reaction, the steric hindrance of the AMP
carbamate induces solid precipitation (s) of the carbamate salt, according to
Reaction 15.

RNHZ (sol) + RNHCOO™ (sol) 2 [RNH;]*[RNHC00]™ (s) {15}

Several non-aqueous solvent formulations using AMP have been evaluated
previously, including solutions with pure glycols (ethylene glycol (EG), diethylene
glycol, triethylene glycol) (Zheng et al., 2013, 2012) and mixtures of linear alcohols
(ethanol and propanol) with EG or diethylene glycol monomethyl ether
(DEGMME) (Barbarossa et al., 2013; Barzagli et al., 2019, 2018, 2014, 2013D).
However, many of these have focused on single-phase systems where there is no
precipitation or it is prevented. Precipitation of the AMP carbamate has, however,
been reported when pure propanol or DEGMME was used as the solvent (Barzagli
et al., 2018, 2014, 2013b), while no precipitation was seen when using mixtures
containing EG. Barzagli et al. also studied the regeneration of the solid AMP
carbamate formed in solutions with ethylene glycol monoethyl ether, and found it
could be decomposed into CO; and free amine at 80 °C (Barzagli et al., 2013a).

The research performed by our group has mainly focused on non-aqueous AMP
systems that favor the formation and precipitation of the AMP carbamate. Previous
work includes evaluation of the solubility of CO, (Svensson et al., 2014a) and heat
of CO; absorption (Svensson et al., 2014c) in AMP/NMP and AMP/Triethylene
glycol dimethyl ether (TEGDME) systems at 25 and 50 °C. The precipitate formed
in these systems was evaluated and the main component was found to be the AMP
carbamate (Svensson et al., 2014b). The crystallization kinetics of the AMP
carbamate in AMP/NMP solutions has also been studied (Sanku and Svensson,
2017, 2020), and a model of the AMP/NMP system developed using ASPEN Plus®
(Sanku and Svensson, 2019). The following sections describe the author’s
contributions to the work on AMP in solutions with organic solvents.

4.1 Solubility of CO; in AMP solutions

The solubility of CO, was studied in various systems containing AMP and organic
solvents. The first system studied was AMP in mixtures with the organic solvent
NMP (Paper I). NMP is used commercially for removal of acidic gases through
physical absorption (PURISOL™) (Boll et al., 2011; Hochgesand, 1970). Two
concentrations of AMP were studied: 15 and 25 wt% (denoted 15A-N and 25A-N,
respectively), at temperatures from 40 to 88 °C. As NMP is reproductively toxic
(European Chemicals Agency (ECHA), 2019), other solvents were investigated,
with which precipitation could be obtained, in an attempt to find an alternative
(Paper II). Seven solvents were investigated in mixtures with 25 wt% AMP namely,
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DMSO, I-pentanol (1P), 3-(dimethylamino)propionitrile (DMAPN), propylene
carbonate, 4-heptanone, 1-methyl imidazole and cyclohexanol, at low temperatures
(25-40 °C). DMSO showed promising solubility and precipitation properties, and a
more detailed investigation of AMP with DMSO was therefore carried out (Paper
III). Two concentrations of AMP in DMSO, 10 wt% (10A-D) and 25 wt% (25A-
D), were investigated at temperatures between 25 and 88 °C.

The solubility of CO; in 15A-N and 25A-N at different temperatures is shown in
Figure 10, including data at 25, 40, 50 and 88 °C from previously published studies
by our group (Svensson et al., 2014a; Svensson and Karlsson, 2018). Precipitation
was observed at 25-40 °C for 15A-N and at 25-50 °C for 25A-N. In general, the
solubility of CO, was higher in 25A-N than in 15A-N at lower temperatures, mainly
due to precipitation at lower loadings and lower CO» partial pressures. Precipitation
drives the equilibrium reactions (12-15) to the right, which enables more CO, to be
dissolved in the solution. Higher rich loadings can thus be obtained when
precipitation occurs at low partial pressures of CO».

a) A b)
)ﬁ&@ mT x 0@ xX%ad o o x_ a%
o m - Q- "m ® m X
& Py m  xx o A @ X
100 + 100 + a
Fox o - a o
<> 1R - o x X
— - =+ —
g % * o g go @ « © ®
= o X <. e (= * s
- o
810 + o o l S0 ¢ ®
x - - g*
o %= -
1 i i i i i i | 1 8 i i |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 03 0.4 0.5 0.6
a (mol CO,/mol AMP) a (mol CO,/mol AMP)
=25°C 040°C %50°C O60°C ©70°C A80°C X88°C =25°C 040°C %50°C O60°C ©70°C A80°C X 88°C

Figure 10. Solubility of CO2 in a) 15 wt% AMP/NMP (15A-N) and b) 25 wt% AMP/NMP (25A-N), at 25-88 °C.* Data
points at which precipitation was observed are shown in orange.

No precipitation was observed at temperatures of 60-88 °C. The difference in CO»
solubility between 15A-N and 25A-N decreased with increasing temperature, and
no significant difference was seen above 70 °C. At 88 °C, low loadings of approx-
imately 0.05 mol CO»/mol AMP were observed at partial pressures of 100 kPa, for
both solutions. This suggests that low lean loadings can be achieved without the use
of a stripping gas, at temperatures lower than the 120 °C used in conventional
systems.

The rich loading obtained at 40 °C and 10 kPa was about 0.15 mol CO»/mol AMP
for 15A-N and 0.2 mol CO»/mol AMP for 25A-N. With a lean loading of 0.05 (88
°C, 100 kPa), this corresponds to a cyclic capacity of 0.1 for 15A-N and 0.15 mol
COz/mol AMP for 25A-N. This is low compared to aqueous MEA, where cyclic
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capacities of around 0.3 mol CO»/mol MEA can be achieved. Such low cyclic
capacities would require the use of more than twice the amount of absorption
solution to remove the same amount of CO, using AMP/NMP instead of aqueous
MEA. This would likely increase the overall cost of carbon capture. In order to
obtain loadings comparable to those obtained with aqueous MEA, higher partial
pressures of CO, or a reduction in the absorption temperature to 25 °C or less would
be required. Reducing the absorption temperature would, however, require
additional cooling of the incoming gas and lean absorption solution. For 25A-N,
loadings above 0.3 can be achieved at 40 °C for CO, partial pressures just above 20
kPa. This can be compared to the partial pressures of 60 kPa required at 40 °C for
15A-N. Thus, the cyclic capacity benefits from a higher amine concentration as this
results in precipitation at lower loadings.

As NMP is toxic to reproduction, its use as a solvent in large scale processes is
undesirable, as the low exposure limit (threshold value of 3.6 ppm during 8 h
(Sigma-Aldrich, 2021)) would require extensive safety measures. Other solvents
were therefore investigated in solutions with 25 wt% AMP. CO; solubility data for
25 wt% AMP in DMSO (25A-D), l-pentanol (25A-1P) and DMAPN (25A-
DMAPN) are shown in Figure 11. Precipitation was observed in all three systems,
but the loading at which precipitation occurred varied. In 25A-DMAPN,
precipitation was observed immediately upon the first injection of CO; at both 25
and 40 °C, whereas for 25A-1P and 25A-D precipitation only occurred at higher
loadings, as can be seen in the figure. At 40 °C, the highest CO, solubility was
observed in 25A-DMAPN and the lowest in 25A-1P. As discussed above, the
solubility of CO; in precipitating systems is dependent on the loading at which
precipitation occurs; precipitation at lower loadings resulting in higher solubility at
lower CO; partial pressures. The difference in Henry’s constant for CO» (a measure
of the physical CO, solubility) differs for different organic solvents, and this will
also probably affect the overall CO, solubility. The physical solubility of CO>
decreases in the order DMAPN > DMSO > 1P, and the same trend can be seen in
the solubility data in Figure 11 at 40 °C.

The immediate precipitation observed in 25A-DMAPN indicates low stability of the
CO; reaction products formed in the solvent, and suggests that the solution is less
prone to be supersaturated. However, it also means that precipitation will take place
at the low loadings of a lean solution. For precipitating solutions, precipitation at
somewhat higher loadings could be beneficial, as this could allow precipitation in a
designated part of the absorption column.
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Figure 11. Solubility data for 25 wt% AMP in 1P (25A-1P), DMSO (25A-D) and DMAPN (25A-DMAPN) at a) 25 °C
and b) 40 °C.* Data points at which precipitation was observed are shown in orange.

Among the amine solutions studied, the system of AMP in DMSO was chosen for
further evaluation, as it had a high boiling point (189 °C) and showed solubility
trends similar to those in the AMP in NMP system (Paper II). Figure 12 shows the
solubility of CO; in 10A-D and 25A-D at various temperatures. No precipitation
was observed within the pressure and temperature ranges studied when using 10A-
D. Precipitation was observed with 25A-D at 25-50 °C, similar to the 25A-N system.
At 25 °C, loadings of about 0.4 mol CO»/mol AMP were obtained at CO, partial
pressures below 3 kPa. The main difference between the 10A-D and 25 A-D systems
is seen at lower temperatures (25-50 °C), where the precipitation in 25A-D resulted
in higher loading at lower partial pressures. No precipitation was observed at 60-88
°C in either of the solutions. Similar to the case of the AMP/NMP system, the
difference between the solubility of CO; in 10A-D and 25A-D decreased with
increasing temperature, and no significant difference was seen above 80 °C. In
general, the solubility of CO, was slightly higher in 25A-D than in 25A-N, at all
temperatures. At 88 °C and 100 kPa, loadings of about 0.08 mol CO2/mol AMP
were obtained for both 10A-D and 25A-D.

To obtain a cyclic capacity similar to that obtained with aqueous MEA (above 0.3
mol COy/mol amine), rich loadings of about 0.4 mol CO»/mol AMP are thus
required. This can be achieved at 40 °C when the CO; partial pressure is above 40
kPa for 10A-D and between 10 and 30 kPa for 25A-D. Thus, the solubility data
suggest that 25A-D might be more suitable for carbon capture at lower CO, partial
pressures than 25A-N.
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Figure 12. Solubility data for a) 15 wt% AMP/DMSO (15A-D) and b) 25 wt% AMP/DMSO (25A-D), at 25-88 °C.* Data
points at which precipitation was observed are shown in orange.

From the solubility data collected for AMP in solutions with NMP and DMSO, it
can be seen that low lean loadings below 0.1 mol CO»/mol AMP can be achieved
for these systems at CO, a partial pressure of 100 kPa and a temperature of 88 °C.
This means that concentrated CO, streams could be obtained at lower temperatures
than those needed for the stripping of conventional aqueous systems (120 °C). From
the data in Figure 12, it can be seen that precipitation is necessary in order to obtain
cyclic capacities that can compete with those of conventional aqueous systems. At
a typical absorption temperature of 40 °C, this is achieved at CO, partial pressures
around 20 kPa. In post-combustion applications when treating flue gases from the
power sector, the CO, content is typically below 15 kPa. Thus, the systems
described in this thesis are more suitable for biogas upgrading and CCS in industries
where the gases have a higher CO; content.

Since no precipitation was observed at 60 °C, and the AMP systems must precipitate
to attain sufficient cyclic capacities, the temperature increase in the absorption
column must be kept as low as possible. As the reactions taking place during
absorption (Reactions 12-15) are exothermic, the solution will most likely require
intercooling during absorption in order to avoid desorption in the absorption
column. Cooling of the incoming gas and lean solution to 25 °C to reduce the
maximum temperature is another alternative. However, this will add to the cooling
demand, which might result in an increase in the electricity required for the process.

From the perspective of CCS, the possibility of generating pressurized CO; during
regeneration could be of interest, as this could significantly reduce the compression
work needed after the capture process to attain pressures suitable for CO; transport
and storage (up to 150 bar). A higher CO, pressure during regeneration will,
however, also result in higher lean loadings of the absorption solution during the
regeneration step. This can be seen in Figure 13, where the solubility of CO; in 25A-
D solutions initially loaded to 0.5 mol CO»/mol AMP at 25 °C before being heated
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to 88 °C, is shown together with the solubility data for 25A-D (from Figure 12) at
40 and 88 °C. For rich solutions with a loading of 0.48 mol CO»/mol AMP at 40 °C
(60 kPa), a CO; pressure above 600 kPa was achieved at 88 °C and loadings of 0.36
mol COy/mol AMP. This corresponds to a cyclic capacity of 0.12, which is
significantly lower than the cyclic capacity of 0.4 obtained when regeneration was
performed at 88 °C and CO» pressures of 100 kPa. This reduction in capacity would
drastically increase the amount of solvent needed to remove a specific amount of
CO., and would probably not be commercially feasible. However, if lean and rich
phases are separated before the regeneration step, lower lean loadings might be
possible, as the solvent after regeneration would be mixed with the CO,-lean phase
before being returned to the absorption column. However, further studies are needed
to determine whether this is feasible for the 25A-D system.
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Figure 13. Solubility of CO2 in 25A-D solutions at 40 °C (green) and 88 °C (orange). Comparison between initially
unloaded solutions (circles) and solutions initially loaded to 0.5 mol CO2/mol AMP at 25 °C (diamonds).

In systems where precipitation does not occur immediately upon the first injection
of CO., the conditions at which precipitation takes place can be determined from
the pressure and true heat flow data. This is shown in Figure 14a, where the true
heat flow and pressure signals from a typical data series during precipitation, are
plotted.

Exothermic precipitation leads to higher values of the estimated heat of absorption
due to the increased heat flow. In the vast majority of the obtained equilibrium data,
precipitation was followed by a decrease in pressure, as can be seen in the pressure

33



curve of Figure 14a. This is because precipitation drives the equilibrium equations
(Reactions 12-15) to the right, which allows more CO, to be dissolved in the
solution. However, in some cases, when precipitation occurs at CO, loadings around
0.5 mol COz/mol AMP, corresponding to the maximum theoretical loading, the
measured pressure increases, as can be seen in Figure 14b. Changes in the liquid
properties could explain this deviation in behavior. When precipitation occurs close
to the theoretical maximum loading, most or all of the AMP in solution will likely
be included in the solid precipitate, whereas if precipitation occurs at lower loadings,
significant amounts of AMP, and corresponding ionic species, will remain in the
solution. This will probably cause significant changes in the properties of the liquid
solution, resulting in changes in parameters such as pH, viscosity, Henry’s constant
and the dielectric constant, all of which affect the solubility of CO..
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Figure 14. Pressure and heat flow during precipitation in non-aqueous AMP solutions. a) Decreasing pressure during
precipitation, b) Increasing pressure during precipitation.
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4.2 Heat of absorption

The heat of absorption was obtained by integrating the measured true heat flow
signal, collected simultaneously with the solubility data presented in the previous
section. Estimating the heat of absorption from the measured true heat flow signal
allows both the integral and differential heat of absorption to be determined,
according to Egs. 3.4 and 3.5. To obtain the integral heat of absorption, the accum-
ulated heat is divided by the accumulated amount of absorbed CO- at each loading.
The differential value of the heat of absorption is calculated from the heat added and
the CO; absorbed at each data point. In both cases, a value is obtained for each data
point. However, in the integral heat of absorption, any spikes in the heat of
absorption are averaged out between the data points, whereas the differential value
will show more realistic values for each point. As the precipitation processes in the
AMP solutions studied in this work are exothermic, the heat of absorption will be
higher than in the non-precipitating case. Three mechanisms thus contribute to the
overall heat of absorption for precipitating systems: the heat of dissolution, the heat
of reaction and the heat of precipitation.

Figure 15 shows the differential heat of absorption at different loadings for 15A-N
and 25A-N. Values obtained in previously published work (at 25 and 50 °C), are
also included (Svensson et al., 2014c). It can clearly be seen that the heat of
absorption increases considerably as precipitation occurs, for both 15A-N and 25A-
N, where the values above 150 kJ/mol CO; correspond to the point where most of
the precipitation took place. These high values indicate that the solution is super-
saturated when precipitation takes place. As more precipitation takes place
simultaneously in a supersaturated solution than in the non-supersaturated
equilibrium case, more heat is released at this single point than if it was evenly
distributed over the entire loading range.
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Figure 15. Differential heat of CO2 absorption as a function of loading in a) 15 wt% AMP/NMP (15A-N) and
b) 25 wt% AMP/NMP (25A-N), at 25-88 °C. Data points at which precipitation was observed are shown in orange.
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Similar supersaturated trends, resulting in a significantly higher heat of absorption,
can be observed for 25A-D in Figure 16b. For 10A-D (Figure 16a), where no
precipitation was observed during the experiment, the heat of absorption decreased
with increasing loading, similarly to other non-precipitating systems. For all the
systems studied, the heat of absorption above a loading of 0.5 mol CO»/mol AMP
approaches that of physical absorption (where only the heat of dissolution contrib-
utes) as the theoretical maximum reaction capacity has been reached above this
loading. The heat of physical absorption is about 5-6 times lower than the heat of
chemical absorption, with values between 14 and 19 kJ/mol CO; for both NMP and
DMSO.
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Figure 16. Differential heat of CO2 absorption as a function of loading in a) 10 wt% AMP/DMSO (15A-D) and
b) 25 wt% AMP/DMSO (25A-D), at 25-88 °C. Data points at which precipitation was observed are shown in orange.

Above 50 °C, the heat of absorption starts to decrease with increasing temperature.
The reason for this is believed to be that the dissolved CO; species in solution are
shifting from a higher proportion being chemically reacted, to a higher proportion
being physically dissolved (This is further discussed in Section 4.4). The decrease
is more apparent at lower amine concentrations (15A-N vs. 25 A-N and 10A-D vs.
25A-D), probably due to the higher proportion of organic solvent.

Since the precipitating solutions discussed above were supersaturated before the
initial precipitation point, the contribution of the precipitation heat to the overall
heat of absorption cannot be estimated from these data alone. However, a rough
estimate of the heat of precipitation can be made by comparing these systems to
other AMP solutions in which precipitation occurs immediately upon the first
injection of CO,, thus not showing supersaturation behavior. Figure 17 shows the
heat of absorption for several 25 wt% AMP solutions at temperatures between 25
and 50 °C. The data for 25A-N and 25A-D represent the supersaturated solutions,
and include values with and without precipitation. Data are also included for
25A-DMAPN, 25wt% AMP in 4-heptanone (25A-4H) and 25wt% AMP in
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TEGDME (25A-T) (Svensson et al., 2014c), representing the non-supersaturated
solutions in which precipitation occurs immediately. It can clearly be seen that the
average value of the heat of absorption varies between the solutions with and
without precipitation. Apart from the very high values obtained at the initial
precipitation point for the supersaturated systems, the heat of absorption for data
points with precipitation (shown in orange) has an average value of 122 kJ/mol CO,
at temperatures between 25 to 50 °C. The average value for data points without
precipitation (shown in black) is about 90 kJ/mol CO,. If one assumes that the
organic solvents do not participate in the reaction, and that all the AMP carbamate
in the non-supersaturated solutions precipitates as it is formed, the difference
between these values would then be the heat of precipitation, giving an approximate
value of 30 kJ/mol COa.
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Figure 17. Differential heat of absorption for CO2 in solutions with 25 wt% AMP in different organic solvents at 25-
50 °C. Data points at which precipitation was observed are shown in orange.

The heat of absorption affects the temperature profile in the absorption column, as
the heat released will increase the solvent temperature. The additional heat released
due to precipitation will cause a greater temperature increase in precipitating
systems, than in non-precipitating systems. This could be more pronounced in non-
aqueous systems, as organic solvents typically have a lower heat capacity (below
2.0 kJ/(kg-K) for both NMP (Davila and Trusler, 2009) and DMSO (Comelli et al.,
2006) ) than water (approx. 4.2 kJ/(kg-K)). Additionally, some of the heat released
during absorption in aqueous systems will contribute to the evaporation of water,
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thus reducing the temperature increase slightly. In the case of non-volatile solvents
with high boiling-point, where evaporation occurs to a lesser extent, the temperature
increase may be even more pronounced. Thus, non-aqueous precipitating absorption
systems will most likely require cooling of the solution during the absorption step
to keep the temperatures within the range suitable for absorption.

Another challenge is associated with solutions that are prone to become super-
saturated. In contrast to non-supersaturated solutions, where the additional precip-
itation heat will be distributed over the entire loading range, supersaturated solutions
will experience a significant heat release once precipitation is initiated. This may
cause local hot spots in the column, where the temperature is increased to the point
where the equilibrium is shifted towards desorption. However, if the absorption
column can be designed such that precipitation is achieved in a designated part of
the column, the additional heat release could be manageable by more extensive
temperature control on this part of the column.

During the regeneration step, the heat of absorption contributes to the heat needed
to reverse the reactions and desorb CO». The heat of precipitation will add to this
heat requirement, as the solid particles formed must be re-dissolved in the solution.
However, the benefits associated with using these types of solutions are not intended
to lower the heat of absorption. The main advantages are associated with the low
regeneration temperature, potentially enabling the use of excess heat for the
regeneration step, and lowering the contribution of the sensible heat and heat of
vaporization during regeneration.

4.3 Rate of absorption

The rate of absorption affects the contact time and area needed to remove a certain
amount of CO; in the absorption column. A higher absorption rate is advantageous
since it allows for a smaller contact area, and thus a smaller absorption column. The
rate of absorption of CO> in AMP and NMP solutions was studied and compared
with that in aqueous MEA, at 27 °C (Paper 1V). Two concentrations of AMP in
NMP were investigated, 1.5 mand 5 m (11.8 and 30.8 wt% (30A-N)), and compared
to aqueous MEA with concentrations of 1.5 m and 7 m (8.4 and 30.0 wt% (30M-
W)).

The average values of the liquid-side mass transfer coefficient (k's) at room
temperature, estimated from the CO, flux at different CO, partial pressures, are
given in Table 1 for 30A-N and 30M-W. Under the PFO assumption, the second-
order rate constants (k) can be estimated from the mass transfer coefficient, and are
also presented in Table 1. The values of k, presented here includes any side reactions
taking place, such as formation of bicarbonate from CO, reacting with hydroxyl ions
in the 30M-W solution.
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Table 1. Mass transfer (k') and second-order rate constants (k) at approximately 27 °C.

Solution K'g k2
[mol/(m2s-Pa] [m3/(s-mol)]

30A-N 2.72 108 5.3

30M-W 2.03 -10 7.3

The values obtained indicate that the mass transfer of CO- into the liquid solution is
higher for 30A-N than for 30M-W. This is probably the result of the difference in
physical solubility between the two systems. The physical solubility of CO; is about
4 times higher in AMP/NMP than in aqueous MEA, based on estimated values of
Henry’s constant (792 and 3292 Pa-m’/mol at 25 °C for 25A-N and 30M-W,
respectively) (Karlsson and Svensson, 2018). Higher mass transfer rates than for
aqueous solutions have been reported for several absorption mixtures where water
has been replaced with organic solvents with a higher physical solubility of CO»
(Garcia et al., 2018; Wanderley et al., 2019; Yuan and Rochelle, 2018).

The estimates of the second-order rate constants show the opposite behavior, being
higher for 30M-W than for 30A-N. This indicates a slower reaction with AMP than
with MEA in their respective solutions. It should be noted that the molar amine
concentration differs between the solutions, 4.9 vs. 3.5 M for 30M-W and 30A-N,
respectively. AMP in aqueous solutions has also been reported to have a slower
reaction rate than aqueous MEA; k, being one order of magnitude higher than that
of AMP (6.83 vs. 0.681 m*/(s-mol) at 28 °C (Saha et al., 1995)). However, the value
of'k, for AMP in 30A-N found in this work (Table 1) is almost 10 times higher than
that obtained for aqueous AMP at similar temperatures, and on the same order of
magnitude as that found for MEA. Several assumptions were made to obtain the rate
constant for 30A-N, e.g., regarding the diffusivity of both CO; and AMP in the
solution, and the value in Table 1 should be regarded as a rough first estimate. It
might, however, be that the PFO assumption is not actually valid under the
conditions studied, and further investigations are needed to determine this. Since k,
is obtained from the mass transfer coefficients, a higher k» for 30A-N than for
aqueous AMP is however expected since the physical solubility of CO; is higher
than in the aqueous solution.

The results given in Table 1 were obtained using initially unloaded solutions.
However, this does not reflect the conditions in the absorption column, as the
solution entering the column will have the lean loading resulting from the
regeneration step, which will gradually increase as absorption proceeds. As the
AMP carbamate precipitates, within the loading range expected in the absorption
column, the WWC technique can no longer be used to evaluate the absorption rate.
The formation of solid particles will obstruct the liquid film in the column such that
the contact area between the gas and liquid cannot be correctly estimated. From the
solubility data discussed in Section 4.1, it can, however, be seen that it is possible
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to achieve very low lean loadings of 0.05 mol CO»/mol AMP in the regeneration of
AMP/NMP mixtures. This value is similar to the theoretical loadings estimated from
the experimental conditions in the study described in Paper IV. It is thus likely that
the rate of absorption in the top of the absorption column, where the lean absorption
solution enters the absorption step, is comparable to that estimated in experiments
with initially unloaded solutions. However, the absorption rate that applies to the
rich solution cannot be estimated for precipitating absorption systems using
techniques that require the laminar flow of a liquid film for the estimation of the
contact area, as discussed above. Other methods must be used to study this, and a
stirred cell reactor could be one possible alternative (Kierzkowska-Pawlak, 2015).

The PFO assumption is also often applied to the stirred cell reactor approach to
determine kinetic parameters. However, the PFO assumption might not be applic-
able when using WLS and NAS. The absorption of CO, in the liquid leads to an
increase in the viscosity of the solution. The viscosity affects the diffusivity of the
species in the solution, and will thus affect the absorption rate. This was investigated
in the WWC by measuring the CO; flux (Nco2) at constant partial pressure (Pco2)
and estimating the theoretical loading of the solution. The flux showed a decrease
of 12% at loadings of 0.08 mol CO»/mol AMP, compared to the unloaded solution,
which could be the result of increasing viscosity. The higher viscosities for WLS
and NAS have resulted in concerns regarding the validity of the PFO assumption in
such systems (Wanderley et al., 2019; Yuan and Rochelle, 2018). If the diffusivity
of the dissolved species is limited, this could lead to the depletion of free amine at
the gas—liquid interface. In such a case, the assumption that the mass transfer rate is
independent of amine concentration is no longer applicable.

4.4 Reaction products

In order to verify that the reaction products formed between AMP and CO, were
those predicted by the proposed reaction mechanism, and to investigate any possible
side reactions, *C NMR was used to determine which species were present in the
liquid solution. Non-aqueous AMP solutions with amine concentrations at which
precipitation could be avoided were used (Paper III).

The regions of the 3*C NMR spectra for the products and for physically dissolved
CO,, for CO, absorbed in 10A-D at temperatures between 30 and 80 °C, are shown
in Figure 18. Three main species were identified as CO; reaction products at 30 °C.
The peaks were assigned to: (1) the AMP carbamate, (2) bicarbonate formed from
water, and (3) tentatively the AMP carbonate formed from reaction with the
hydroxyl group of AMP. The peak appearing at lower shifts (4) is assigned to
physically dissolved CO,. The intensity of the peaks corresponding to the chemi-
cally reacted CO» species (1-3) starts to decrease as the temperature increases. The
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broadening of the peaks implies dynamic interactions between the species in
solution. At higher temperatures, the equilibrium reactions (12-13) will be shifted
towards the left, which can be seen in Figure 18, as the peaks corresponding to
reaction products (1-3) start to overlap the peak for physically dissolved CO; (4).
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Figure 18. '*C NMR spectra at 30-80 °C, showing CO>-related species in solutions of 10A-D. The peaks are assigned
as follows: (1) AMP carbamate, (2) bicarbonate, (3) AMP carbonate (tentative) and (4) physically dissolved COs-.

The ratio between chemically reacted and physically dissolved CO» changes with
temperature. A higher proportion of physically dissolved CO, than chemically
reacted CO; can be seen at 80 °C than at 30 °C. This explains the decreasing trend
in the heat of absorption as the temperature is increased, as discussed in Section 4.2.
The heat of absorption is a combination of the heat of dissolution and the heat of
reaction, according to Eq. 2.1. The heat released by CO; reactions is significantly
higher than the heat released by CO, dissolution. If less CO» undergoes reactions at
higher temperatures, the combined heat of absorption can be expected to decrease.

4.5 Influence of water

The solubility of CO, in mixtures of AMP and DMSO with added water was
evaluated (Paper V). The hygroscopic properties of DMSO will probably result in
the accumulation of water in any AMP/DMSO system, as the gas entering the
process usually contains some water (5-10% in biogas (Angelidaki et al., 2018)). As
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water enables the formation of bicarbonate, according to Reaction 10, a higher water
content would mean a higher maximum theoretical CO; loading. However, further
reaction to bicarbonate would result in less AMP carbamate in the solution. This
could result in no precipitation of the carbamate, which, for the NASs studied in this
work, could mean a reduced cyclic capacity.

Solutions of 100 g 25A-D to which either 5 or 10 g water was added (24A-D5W
and 23A-D9W) were studied using reaction calorimetry in order to investigate the
effect of water on CO, absorption. Figure 19 shows the CO, solubility in 25A-D,
24A-D5W and 23A-D9W at 40 and 88 °C. A shift towards higher CO; loadings at
lower CO» partial pressure can be seen for the solutions with added water, at both
40 and 88 °C. This was expected, as the solubility of CO, increases with the forma-
tion of bicarbonate. Precipitation was observed in one of two runs using 24A-D5W
and in both runs using 23A-D9W. This implies that, although further reaction to
bicarbonate occurs, precipitation is still possible in these absorption systems. This
suggests that some water can be tolerated in a NAS of AMP/DMSO, while still
functioning as a precipitating absorption system.
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Figure 19. Solubility of CO2 in 25A-D, 24A-D5W and 23A-D9W at 40 and 88 °C. Data points at which precipitation
was observed are shown in orange.

The formation of bicarbonate was also confirmed using *C NMR, showing that a
higher water content resulted in more bicarbonate being formed and less AMP
carbamate. At some point, this will lead to a critical water concentration where an
insufficient amount of AMP carbamate is present in solution for precipitation to
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occur. The absorption solution would then have to be dried to ensure precipitation.
Further studies are needed on water accumulation, as some water might be
vaporized and removed in the regeneration step. Drying of the incoming gas may be
necessary depending on how quickly water is accumulated.

Figure 20 shows the product region and the region for physically dissolved CO> of
the *C NMR spectra for CO; absorbed in 10A-D4W, at temperatures between 30
and 88 °C, and again at 30 °C after heating. As in the case of the 10A-D solution
(Figure 18), the main species in solution at 30 °C before heating are the AMP
carbamate, bicarbonate, the tentatively assigned AMP carbonate, and physically
dissolved CO». A new peak is seen at 80 °C, at a shift of 158 ppm, which was not
seen in the spectrum for CO; in 10A-D at the same temperature. This peak is
tentatively assigned to one of the potential degradation products of AMP, 4,4-
dimethyl-1,3-oxazolidin-2-one (DMOZD), formed by ring closure of the AMP
carbamate. The formation of DMOZD is irreversible, and the peak is still seen in
the spectrum after the sample has been cooled to 30 °C. Apart from the new species
detected, the main difference between 10A-D4W and 10A-D is the higher content
of bicarbonate present in the solution, which requires higher temperatures to
regenerate. This can be seen in the spectra as the bicarbonate peak is still present at
temperatures up to 80 °C. However, at 88 °C the equilibrium reactions have shifted
such that most of the CO, in solution is physically dissolved.
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Figure 20. '*C NMR spectra at 30-88 °C, showing CO.-related species in solutions of 10A-D4W.
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The combined results of the CO, solubility (Figure 19) and the '*C NMR analysis
(Figure 20) suggest that some water accumulation could be tolerable in an
AMP/DMSO system, as a regeneration temperature of 88 °C can still be used to
reverse the equilibrium reactions, while maintaining the cyclic capacity of the
system. However, the appearance of a new species suggests that the accumulation
of water might result in faster degradation of AMP into DMOZD. Further studies of
both the non-aqueous and aqueous systems are needed in order to investigate this.

As discussed previously (Section 2.2), the presence of some water in an absorption
solution might also be beneficial in the absorption step. The heat of absorption will
result in a greater temperature increase than in aqueous systems, due to the lower
specific heat capacity of DMSO and the additional heat of precipitation. In order to
avoid reaching desorption temperatures, intercooling during the absorption step will
probably be needed. The extent of cooling needed might be reduced by some water
content in the solution due to the high heat of vaporization of water. Another
potential benefit of a small amount of water in the system is depression of the
freezing point. In colder climates a high freezing point of absorption solutions could
cause complications during start up and shut down of the capture process and in
storage of the solution. The freezing point of pure DMSO is around 18 °C, and
decreases with increasing water content; 9% water resulting in a freezing point of -
3 °C (Havemeyer, 1966). Further investigations are needed to determine the
freezing point of tertiary systems of AMP/DMSO/H,0. Overall, it is clear that water
accumulating in AMP/DMSO solutions will alter the absorption behavior and
properties of the solution. To what extent water will accumulate in such solutions
needs to be evaluated under more realistic absorption and regeneration conditions.
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5 Conclusions

The research described in this thesis focused on the evaluation of non-aqueous
precipitating absorption solutions, using AMP. Several AMP solutions with
different organic solvents were studied at potential absorption temperatures of 25-
40 °C. Two systems, AMP/NMP and AMP/DMSO, were studied at both absorption
and regeneration temperatures (< 90 °C). The solubility of CO; in these systems was
found to be lower than in aqueous 30 wt% MEA, at all the temperatures studied.
Conventional systems and non-aqueous precipitating AMP systems differ
considerably, and thus their areas of application will differ. Therefore, the
absorption and regeneration conditions most suitable for AMP/NMP and for
AMP/DMSO were investigated (RQ1).

Both AMP/NMP and AMP/DMSO can be regenerated at low temperatures without
the need for a stripping agent, with lean loadings below 0.1 mol CO,/mol AMP at a
temperature of 88 °C and atmospheric CO, pressure. Lower regeneration
temperatures can thus be used in these non-aqueous systems than in conventional
systems, allowing the use of low-grade heat in the regeneration step. This could
reduce the cost of fuel for the regeneration of the absorption solution in industries
where such heat is available. If no stripping agent is required, the need for conden-
sation after regeneration could also be reduced, as less solvent will vaporize than
when stripping aqueous amine solutions.

The absorption of CO; in both AMP/NMP and AMP/DMSO was found to be
promoted by a higher amine concentration, as shown by the higher CO; loadings
observed at lower CO, partial pressures in solutions with 25 wt% AMP than in the
15 and 10 wt% solutions. This is due to a higher amount of formed AMP carbamate,
which results in precipitation at both lower CO, loadings and higher temperatures
for 25A-N and 25A-D than for 15A-N, and the lack of precipitation in 10A-D.
Precipitation of the AMP carbamate generates additional heat which, in combination
with the low specific heat capacities of the organic solvents used, will most likely
result in a greater increase in the temperature of the absorption solution during
absorption than in conventional aqueous non-precipitating solutions. In order to use
25A-N and 25A-D solutions as bi-phasic absorption systems, the temperature during
the absorption stage must be <50 °C as no precipitation was observed at 60 °C in
any of the solutions studied. Intercooling of the absorption solution during the
absorption step would otherwise be necessary, adding to the overall cooling demand
of the capture process.
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Although the overall solubility of CO; is lower in 25A-N and 25A-D than in aqueous
30 wt% MEA, it is possible to achieve similar CO; capture capacities (cyclic
capacity) under the appropriate absorption conditions. The partial pressure of CO»
affects the rich CO; loading that can be achieved during absorption; a higher partial
pressure of CO, promoting precipitation at higher temperatures. At absorption
temperatures around 40 °C, cyclic capacities similar to those in 30 wt% MEA can
be achieved above a CO; partial pressure of 20 kPa for both 25A-N and 25A-D. If
absorption is performed at 25 °C similar capacities can be achieved at 10 kPa with
25A-N and as low as 1 kPa with 25A-D. This suggests that if absorption is
performed at around 40 °C, both 25A-N and 25A-D are more suitable for carbon
capture in applications such as biogas upgrading and CCS in industry, where the
CO; content is higher than in post-combustion scenarios in power production.
However, if absorption could be performed at 25 °C, both systems could be utilized
in scenarios with lower CO, concentrations.

Water accumulation arising from the hygroscopic properties of organic solvents
may pose challenges, as water in incoming humid gases would accumulate over
time, unless the incoming gas, or solvent, is dried. Water leads to the formation of
bicarbonate, and thus a change in the CO, reaction products formed in the solution.
If the water content in the absorption solution becomes too high, insufficient AMP
carbamate would be available in solution for precipitation to occur, potentially
reducing the capture capacity of the absorption system. Precipitation was still
formed with CO, absorption in 25A-D solutions where water had been added at a
molar ratio of water: AMP of 2:1. The solubility data also showed that a temperature
of 88 °C could be sufficient for regeneration of the water-containing system. Thus,
some water accumulation seems to be acceptable without reducing the capacity of
AMP/DMSO, but further studies are required to investigate this.

The potential benefits of using non-aqueous AMP systems for carbon capture (RQ2)
are associated with the regeneration of the absorption solution. Reducing the
regeneration temperature used in conventional systems such as aqueous MEA, of
120 °C or above, to 90 °C, would allow the use of excess heat, which is often avail-
able in industry. This would reduce the energy required to produce heat for the
regeneration step. Also, replacing the water component by NMP or DMSO, both of
which have boiling points above the regeneration temperature, and lower specific
heat capacities than water, would lower the sensible heat and heat of vaporization
needed for regeneration. Furthermore, the precipitation of the AMP carbamate
allows for a separation step to be introduced before regeneration, in which some of
the organic solvent can be removed, thus creating a CO,-rich slurry. This could lead
to an additional reduction in the amount of heat needed for regeneration, as less
solvent would have to be heated. It should also be noted that NMP is toxic to
reproduction, and it would therefore be more suitable to use DMSO in future studies
on non-aqueous precipitating AMP solutions.
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The combination of lower regeneration temperatures, reduced contributions from
sensible heat and heat of vaporization, together with an overall reduction in solvent
flow in the regeneration step, provides the opportunity to reduce the heat needed in
the CO» capture process. However, the use of non-aqueous precipitating solutions
will result in a need to change the process configuration, requiring other process
units than in traditional aqueous systems. The cooling demand during the absorption
step is likely to increase as it would be necessary to keep the temperature of the
solution within the precipitating range. Because of the higher viscosity of a
liquid/solid slurry compared to a liquid solution, more work will be needed to pump
the slurry. A higher viscosity will also affect the heat transfer efficiency, potentially
reducing the degree of heat integration possible within the process, which could in
turn result in an increase in the external heating needed. Additional energy would
also be required by separation units needed to separate the lean and rich phases
before the regeneration step. Thus, further investigations and modelling of the entire
process are needed to evaluate the effects of using non-aqueous AMP solutions on
the cost of a future carbon capture plant.
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6 Future work

The non-aqueous precipitating AMP solutions, AMP/NMP and AMP/DMSO,
studied within the framework of this thesis, offer an alternative technology to con-
ventional carbon capture using aqueous amine solutions. The results indicated
benefits such as lower desorption temperatures, allowing the use of excess heat in
the regeneration step. In addition, precipitating solutions offer the possibility of
separating the lean absorption solution before the regeneration step, reducing the
amount of solvent that has to be heated. However, much work remains to determine
whether they are suitable for industrial use, and whether they can compete with
conventional aqueous solutions.

More accurate determination of the rate of absorption is needed to be able to
estimate the contact times needed for different capture scenarios. This includes
finding a method that can be applied when a solid precipitate is formed, as the
methods currently used for kinetic evaluations of absorption systems are designed
for non-precipitating solutions. The absorption rate must be evaluated at tempera-
tures and CO, partial pressures relevant for the intended use, to obtain a realistic
estimate of the absorption rate. The solutions must also be studied in continuous
operation to evaluate their properties and the behavior of the precipitate. Large-scale
testing of the system in a pilot plant with more relevant gas mixtures must also be
performed. This is important to investigate the extent of water accumulation, and
the effects this could have on the absorption solution over time. Furthermore, if the
absorption solution is to be separated into a lean and rich phase before the
regeneration step, studies must be carried out on the regeneration of the precipitate
in mixtures with varying solvent contents.

The environmental impact of these systems must also be assessed by studying prop-
erties such as the volatility and degradation of the amine and organic solvents. The
degradation of AMP in non-aqueous solutions must be investigated to determine the
extent of amine loss and whether any harmful degradation products are formed
during operation. The volatility of both the amine and organic solvent must also be
further studied on pilot-plant scale, at absorption and regeneration temperatures, to
determine the loss of absorption solution during the capture process.
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