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Abstract

Despite of being a well-tested and highly attractive technology for capture of carbon
dioxide (COy), amine scrubbing encounters economic and operational challenges
originating from degradation of the amine solvent, in particular oxidative
degradation. By finding means of tackling of solvent degradation, associated
problems like corrosion, emissions, and environmental concerns can also be
significantly reduced. Degradation mechanisms have been studied for more than two
decades and have yet to be fully understood within the whole process. This, mainly
experimental work aims to contribute to further understanding of amine degradation
in the CO; capture process and how it can be avoided.

Measurement of oxygen solubility is a central part of the study, as oxygen plays a
vital role in the degradation reactions. It was found that all studied amines seem to
have comparable oxygen solubility to water in the absence of CO,. The parameters
that influence oxygen solubility the most are the presence of CO,, temperature, and
mass transfer limitations due to rapidly occurring degradation reactions in unstable
amines like ethanolamine (MEA).

Experiments where aqueous amine solvents were subjected to sparging with 98%
oxygen gas at 60 °C, with addition of ferrous (Fe?*) and under constant stirring were
used to assess oxidative amine degradation. The oxidative stability of 18 different
amines was studied, and seen in context of thermal, and biological stability. Low
thermal, and oxidative degradability are highly desirable properties, while a low
biodegradability is undesirable. It was found that, despite of an overarching trend of
correlation, there are amine solvents that have high biodegradability but also low
degradability under oxidative conditions. No correlation between literature data for
thermal degradation and oxidative stability in this work was found. The oxidative
degradation experiments show the correlations between structural features of the
amine and stability, where MEA is the least stable of alle those studied. Tertiary and
sterically hindered amines are the most stable under oxidative conditions, and only
naturally occurring amines were found to be readily biodegradable.

The most thoroughly studied amine in this work was MEA, because of its relatively
fast degradation rate compared to most other amines. It was found that CO,-free MEA
hardly degrades under oxidative conditions, that Fe?* and Cu?* have similar catalytic
abilities on oxidative MEA degradation, and potassium iodide (KI) was identified as
an inhibitor for MEA degradation under laboratory-scale oxidative degradation
experiments.
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Chapter 1

Introduction

This first chapter contains a general description of the issues in focus in
the work conducted for this PhD thesis. A short background on the need
for CO, capture and the status of amine scrubbing as a means of CO;
capture is given, followed by the scope of the work, a list of publications,
and the author’s contribution to them.






1.1 Background

Anthropogenic greenhouse gas emissions have caused the atmospheric
concentrations of these gases to increase exponentially since pre-industrial times. The
largest contribution to the heating imbalance the global climate is experiencing is
caused by carbon dioxide (CO,) (Butler and Montzka, 2020), which in April 2021
reached an average of 419 ppm (NOAA, 2021), greatly exceeding the pre-industrial
concentrations of around 280 ppm (Etheridge et al., 1996). The goal of the legally
binding Paris agreement from 2015 is to limit the increase of global average
temperatures from pre-industrial time, to less than 2 °C, and preferably even less than
1.5 °C (UNFCCC, 2015). In their report from 2018, the Intergovernmental Panel on
Climate Change (IPCC) highlighted three out of four imaginable scenarios for
achieving this, in which carbon capture and storage (CCS) or carbon capture,
utilization and storage (CCUS) was included as part of the solution (Rogelj et al.,
2018). The International Energy Agency (IEA) also highlight the importance of
CCUS for reaching net-zero emissions (IEA, 2020). As well as being an important
measure to keep unavoidable industrial processes, such as steel and cement
production emission-free in the future, CCUS is an immediate solution to supply
zero- to low-emission energy in the transition to renewable energy sources in a global
society with high electrical energy demand.

There are a wide range of technologies at different technology readiness levels
(TRLs) applicable for CO;, separation from industrial sources. These include
chemical and physical absorption (TRL 9 = commercial scale), membrane separation
(TRL 7 = demonstration scale), adsorption (TRL 7), cryogenic distillation, and
calcium looping (TRL 6 = pilot scale) (Bui et al., 2018). Additionally, there are
processes such as oxyfuel-combustion, chemical looping, or pre-combustion capture
that allow for combustion processes with low CO, emissions. Direct air capture
(DAC) technologies are emerging fast and have gained a high popularity, with the
concept of capturing CO; directly from atmospheric concentrations. The energy
intensity of DAC technologies is for now much higher than conventional capture
processes (Bui et al., 2018), but it may play a significant role in the future, when high-
concentration streams of CO, from industrial sources have been abated. DAC is,
together with the production of bioenergy with CCS (BECCS),
reforestation/afforestation, enhanced weathering, soil management and ocean
fertilisation, a negative-emission technology (Minx et al., 2018).

Despite of a broad consensus on the scientific side, CCUS is a controversial topic that
meets much scepticism in media and the general public. Main concerns include the
fact that the oil and gas industries stand behind much of the research funding in the
field, causing worries that CCUS is merely an excuse to prolong the fossil fuel age.
In the past, one of the incentives for CCS was to use the captures CO; for enhanced
oil recovery (EOR), meaning that it simply is used to extract larger amounts of oil
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from the reservoirs. Additionally, geological storage of CO, can sound unsafe, and
for some as a means of moving the problem from one location to another. In a time
where false information and fear spreads faster than viruses, the CCUS experts face
the challenge of conveying the enormous scientific knowledge base that exists, as
well as the success stories from all sides of the chain: capture, utilisation, and storage.
The only alternative scenario for reaching zero-emissions without implementation of
CCUS, as described by the IPCC (Grubler et al., 2018; Rogelj et al., 2018), is that of
a global society reducing its overall energy demand, demand for greenhouse gas
(GHG) intensive consumption goods, and land use. Although possible, even the
authors of the study point out the challenges of social and institutional change
required, that goes against the historical curve of ever-increasing demand (Grubler et
al., 2018).

CCS and CCUS are unavoidable parts of the solution if we are to mitigate global
warming, and the larger the implementation gets, the lower the cost of CO; capture
and storage will get.

CO,

condenser g

CO, lean
flue gas compressor

absorption cooler desorption

column /2 column

lean/rich
heat
exchanger

CO, rich @
flue gas
g _Q \/ reboiler :D
rich amine
stream lean amine

stream

Figure 1.1: Schematics of the post-combustion CO2 capture process using liquid amine solvents.

1.1.1 Amine scrubbing

When it comes to post-combustion capture of CO, (PCCC), no technology has been
as thoroughly and successfully tested, nor is on the TRL of chemical absorption with
amine solvents (Bui et al., 2018; Rochelle, 2016). The first process using aqueous
amines for CO; capture was patented already in the 1930s (Kohl and Nielsen, 1997).
Amines have the ability to bind CO; to form stable, mainly ionic compounds, in a



reaction that can be reversed upon heating. The process typically takes place in a
configuration shown simplified in Figure 1.1, by leading pre-treated flue gas, cooled
and with prior removal of NOx, SOx, and particulate matter, into an absorber column
where it travels upward, counter-current to the amine solvent. The absorber column
is filled with packing material to increase the rate of flue gas CO; binding to the
amines. From the bottom of the absorber, often called the “absorber sump”, CO»-rich
amine is transported to a desorber column, where a reboiler ensures increased
temperature, favouring desorption of CO; and regeneration of the amine solvent
(Kohl and Nielsen, 1997). This process has the advantage of being possible to retrofit
into exciting industrial sources of CO», by simply attaching the scrubber unit to the
flue gas source. The amine solvents typically consist of a single amine or a mixture
of two or more amines in water, although there is also a large research focus on
replacing water with other solvents (Wanderley and Knuutila, 2020). One of the most
used and studied amine solvents is a 30 wt% ethanolamine (MEA, Figure 1.2)
solution in water (Gouedard et al., 2012), which has been employed for about half a
century (Kohl and Nielsen, 1997). Other amines that have seen a lot of
implementation are diethanolamine (DEA), N-methyl diethanolamine (MDEA),
piperazine (PZ) and 2-amino-2-methyl-1-propanol (AMP), whereof an aqueous
mixture of the latter two has been described as the new benchmark for amine
scrubbing (Feron et al., 2020; Gouedard et al., 2012).

HO N \ HO L HOH
" NH, HOT T 0H HOT T 0H
MEA DEA MDEA AMP PZ

Figure 1.2: Molecular structure of some of the most studied and applied compounds used in conventional
amine scrubbing for CO2 capture.

The amines bind CO; in a reversible manner through mainly three mechanisms for
primary and secondary amines; carbamate formation (Eg. 1.1), bicarbonate formation
(Eqg. 1.2) and carbamate reversion (Eq. 1.3) reactions. Tertiary amines primarily bind
CO; through bicarbonate formation (Eq. 1.4). Some sterically hindered primary and
secondary amines such as i.e. AMP can, however, have more similar reaction kinetics
to tertiary amines, being less prone to form stable carbamates and also achieving
higher CO; loadings than a classical primary amine such as MEA.

R", R" % R
2 NH + CO, N— + ©NH, Eq. 1.1
e / /
R R° O R'
S+ o,
NH + CO, + H,0 NH + O Eg. 1.2
R’ R’ 0~ “OH f
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R"\ O )J\
N— + Hz0 NH + © Eq. 1.3
AN 2 R 0~ “OH a

Rll\ ll\ O
N—R" + CO, + H,0 =— @NHR" + O JL_ Eq. 1.4
R'/ R.’ (@] OH

Primary and secondary amines have favourable kinetics and typically undergo a
relatively fast CO. absorption process compared to tertiary amines, which react
slower, but with the advantage of having capacities for absorbing more CO; than the
primary and secondary amines. Since high CO2-loadings can be achieved with tertiary
amines but these have slow kinetics, a tertiary amine is often combined with a primary
amine, to enhance the rate of absorption while keeping the high capacity of the tertiary
amine. The primary amine in a blend is often called a “promoter”.

The relatively high energy required to reverse the equilibria given in Eq. 1.1-1.4 is
one of the largest economic obstacles of amine scrubbing as a means for capturing
and storing CO,. Development of new solvent blends with favourable kinetics, as
well as optimising the plant configuration for better heat integration are the main
approaches that are being made and are still being addressed to solve this problem.
This has resulted in a reduction from around 4 to below 2 GJ tco,™ (Abu-Zahra et al.,
2016; Oh et al., 2020). The other main, and large, category of improvements for
reducing the cost of amine scrubbing for CO, capture is issues associated with solvent
degradation, which includes solvent loss and replacement, operational issues caused
by the changing physical properties of the degrading solvent, corrosion and related
issues due to the properties of the formed degradation compounds, and health and
environmental concerns raised by the degradation compounds.

1.1.2 Degradation of amines

Amine degradation is an issue that requires monitoring and management in the post-
combustion CO, capture process. Proper management will reduce the chances of
interrupting operation, reduce energy consumption, and cost and decrease the health,
safety and environmental (HSE) impact of the amines and their degradation products
(Reynolds et al., 2016; Vega et al., 2014). Many degradation compounds are
attributed to corrosion of construction material (Fytianos et al., 2014), some increase
the overall degradation rate of the solvent, and others are of environmental concern
(da Silva et al., 2013). Corrosion and degradation are strongly linked, also because
dissolved metals catalyse the degradation reactions (Blachly and Ravner, 1963;
Dhingra et al., 2017; Léonard et al., 2014; Nielsen and Rochelle, 2017).

The development of new solvents seeks to combat the degradation issues by
designing amines with higher stability, or making blends of readily available amines,
which are less prone to degradation than, for example, the conventional ethanolamine



(MEA). Other approaches to reducing the impact of amine degradation on CO>
capture plant operation are, for example, “feed and bleed”, replacement of a fraction
of the used solvent with new solvent regularly (Moser et al., 2020), reclaiming
technologies for removal of heat-stable salts (HSS), such as flue gas impurities,
dissolved metals and degradation compounds from the solvent (Kentish, 2016; Wang
et al., 2015), pre-treatment of the flue gas before subjecting it to the amine solvent
for CO; removal (Meuleman et al., 2016), and in the recent years also oxygen removal
from the solvent (Monteiro et al., 2018). Another way of managing the health of the
solvent and capture plant, is by using additives, such as degradation or corrosion
inhibitors, or anti-foaming agents.

The most dominant mechanisms of degradation in pilot-scale amine scrubbing are:
thermal degradation, caused by polymerization reactions, and oxidative degradation,
caused by oxidising agents such as dissolved oxygen, SOx and NOx, and catalysed
by dissolved metals (Reynolds et al., 2016). Both these pathways have been
comprehensively studied in literature, resulting in a good understanding of both, but
with more open questions when it comes to the mechanisms of oxidative degradation
in the large-scale CO; capture process than thermal. Although not as rapid as
oxidative and thermal degradation in the CO, capture process, nitrosamine and
nitramine formation are also critical degradation pathways to consider, since their
products are highly toxic (de Koeijer et al., 2013; Fostas et al., 2011). All degradation
patterns and mechanisms naturally depend on the structure of the amine in use and
no amine for PCCC has been as thoroughly studied when it comes to degradation as
MEA, so much of the knowledge about amine degradation is based on this amine. An
emphasis is therefore also put on MEA in this work.

1.1.3 Environmental impact

CO; capture is a technology meant for reducing the anthropogenic footprint on the
planet by reducing and removing emissions contributing to climate change. It is
therefore also of upmost importance for the technology not to give rise to other issues
of environmental concern, neither locally nor globally. To avoid emissions of the
solvent itself, choosing a solvent of reasonably low volatility should be considered,
as well as implementing a water wash or potentially also an acid wash after the
absorber column, to catch remaining amine in the clean flue gas. This will also to a
large extent capture and avoid emissions of volatile degradation compounds. To be
prepared for any eventuality, such as a liquid or gas leakage from the plant it is still,
however, important that neither the amine nor its degradation products cause harm
neither to humans operating the plant, nor the environment surrounding it. Both
biodegradability and ecotoxicity are important factors to consider when assessing the
environmental impact of the solvent and the limits for the two features are normally
set by local governing authorities. The study of biodegradability and ecotoxicity has
to a large extent been performed for very many amines, but no complete studies
investigating the environmental faith of the compounds have been performed, that
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look at the pathways of degradation, where it takes place, where the degradation
compounds and amines end up and what the impact is on the local ecosystem.

1.2 Scope

The work for this doctoral thesis was performed as a part of the Norwegian CCS
Research Centre (NCCS), in the Solvent development task (Task 2), who’s purpose
it is to address the challenges related to solvent technology, with a focus on
environmental aspects.

The overarching goal of the work was to add to the understanding of oxidative amine
degradation and by that contribute to finding ways of circumventing it. Laboratory-
scale oxidative degradation studies were heavily emphasized, where the impact of the
chemical structure of amines impact on stability was studied. Correlations were
sought between other amine properties and oxidative degradation, to see whether any
could be used for stability predictions. Additionally, an inhibitor for oxidative
degradation was identified and studied at laboratory scale to determine if this stable,
non-consumable component could enhance the stability of amines under oxidative
conditions. The presence of oxygen, dissolved metals, and salts were all investigated
in turn. Because of its importance for the oxidative degradation process, oxygen
solubility was studied in solvents for CO; capture, to better understand and predict
the concentrations of oxygen we are dealing with in the CO; capture plant. The impact
of the amines in the environment was also studied, both in the form of biodegradation
studies in seawater, to extend the existing database to all the amines studied in this
work, and the impact of simulated amine spills on the environment.

1.3 Layout of the thesis

This first chapter of the thesis contains a brief introduction to the topic and scope of
the work, as well as a summary of the publications produced. Following this comes a
summary of the current status of knowledge about amine stability, degradation
pathways and known stabilising and destabilising effects, mainly under oxidative, but
also thermal and biological conditions. After the brief literature review in chapter 2,
comes a review paper in chapter 3, that is about the degradation and emissions
observed and reported in pilot scale CO. capture, that was published in the
International Journal of Greenhouse Gas Control. Chapter 4 describes the
experimental and analytical procedures utilized in this work. In chapter 5 a
manuscript about the measurement of dissolved oxygen and assessment of oxygen
solubility in amine solvents is given, which was also published in the International
Journal of Greenhouse Gas Control. The manuscript in chapter 6 was published in
Industrial & Engineering Research and describes a large study on oxidative stability
of structurally varied amines. The stability of the amines is seen in context of other
stability properties of the amines. The manuscript in chapter 7 also contains an
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oxidative degradation study, this time on ethanolamine in water, and salts were tested
as oxidation inhibitors. This paper, which was published in Chemical Engineering
Science: X, introduces potassium iodide as an oxidation inhibitor for the tested
system. A new approach to testing the environmental impact of ethanolamine is
presented in chapter 8, a work that was presented at the TCCS-11 conference in
Trondheim. The last chapter contains a summary of the findings and
recommendations for future work.

1.4 Papers and presentations

1.4.1 Journal papers

Buvik, Vanja; Bernhardsen, Ida M.; Figueiredo, Roberta V.; Vevelstad, Solrun J.;
Goetheer, Earl L.V.; van Os, Peter & Knuutila, Hanna K., Measurement and
prediction of oxygen solubility in post-combustion CO; capture solvents. Int. J.
Greenh. Gas Control, Vol 104, 2021, 103205,
https://doi.org/10.1016/j.ijggc.2020.103205

Buvik, Vanja; Hagisater, Karen K.; Vevelstad, Solrun J. & Knuutila, Hanna K., A
review of degradation and emissions in post-combustion CO, capture pilot plants.
Int. J. Greenh. Gas Control, Vol 106, 2021, 103246,
https://doi.org/10.1016/j.ijggc.2020.103246

Buvik, Vanja; Wanderley, Ricardo R. & Knuutila, Hanna K., Addition of stable
salts reduced oxidative degradation of monoethanolamine (MEA). Chemical
Engineering Science: X, Vol 10, 2021, 100096,
https://doi.org/10.1016/j.cesx.2021.100096

Buvik, Vanja; Vevelstad, Solrun J.; Brakstad, Odd G. & Knuutila, Hanna K.,
Stability of structurally varied aqueous amines for CO; capture, Ind. Eng. Research
Chem., Vol 60, 15, 5627-5638, 2021, https://doi.org/10.1021/acs.iecr.1c00502

1.4.2 Conference proceedings

Buvik, Vanja*; Strimbeck, Richard & Knuutila, Hanna K. Experimental assessment
of the environmental impact of ethanolamine. SINTEF Conference Proceedings,
accepted 2021.

Buvik, Vanja*; Thorstad, Silje; Wanderley, Ricardo R. & Knuutila, Hanna K.
Introduction of potassium iodide as an inhibitor for oxidative degradation of
amines. SINTEF Conference Proceedings, accepted 2021.


https://doi.org/10.1016/j.ijggc.2020.103205
https://doi.org/10.1016/j.ijggc.2020.103246
https://doi.org/10.1016/j.cesx.2021.100096
https://doi.org/10.1021/acs.iecr.1c00502

1.4.3 Conference presentations

Buvik, Vanja* & Knuutila, Hanna K. Review of oxidative degradation of 30 wt. %
MEA in pilot campaigns (30.-31.01.2018), University of Texas 4th Conference on
Carbon Capture and Storage UTCCS-4 (online). Oral presentation.

Buvik, Vanja*; Vevelstad, Solrun J. & Knuutila & Hanna K. Comparison of
oxidative and biodegradability of aqueous amine solvents for CO, capture (17.-
19.06.2019). Trondheim CCS Conference TCCS-10. Poster presentation.

Buvik, Vanja*; Vevelstad, Solrun J. & Knuutila, Hanna K. Oxygen solubility of
amine solutions (17.-20.09.2019). 5" Post Combustion Capture Conference PCCC-
5, Kyoto Japan. Oral presentation.

Buvik, Vanja*; Vevelstad, Solrun J. & Knuutila, Hanna K. Oxidative and biological
degradability of aqueous amine solvents for CO- capture (28.-29.01.2020).
University of Texas 5th Conference on Carbon Capture and Storage, UTCCS-5
(online). Oral presentation.

Buvik, Vanja*; Strimbeck, Richard & Knuutila, Hanna K. Experimental assessment
of the environmental impact of ethanolamine (22.-23.06.2021). Trondheim CCS
Conference TCCS-11. Poster presentation.

Buvik, Vanja*; Thorstad, Silje; Wanderley, Ricardo R. & Knuutila, Hanna K.
Introduction of potassium iodide as an inhibitor for oxidative degradation of amines
(22.-23.06.2021). Trondheim CCS Conference TCCS-11. Oral presentation.

1.4.4 Webinars

* Presenter
Buvik, Vanja* & Knuutila, Hanna K. Oxygen solubility in selected amine solvents
(21.11.2018). NCCS Webinar.

Wanderley, Ricardo R.*; Buvik, Vanja* & Knuutila, Hanna K. A look at the state of
the art of water-lean solvents (25.06.2020). NCCS webinar.

Knuutila, Hanna K.* & Buvik, Vanja. A review of degradation in post-combustion
CO; capture pilot plants (15.04.2021). LAUNCH webinar

1.4.5 Popular dissemination

Buvik, Vanja: Finding the perfect solvent to capture CO,(2019), NTNU - NV
Faculty blog. https://www.ntnutechzone.no/en/2019/07/finding-the-perfect-solvent-

to-capture-co2/

Buvik, Vanja: Oxidative degradation in CO; capture and NCCS mobility fund
(2019), SINTEF blog. https://blog.sintef.com/sintefenergy/ccs/oxidative-
degradation-co2-capture-nccs-mobility-fund/
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https://www.ntnutechzone.no/en/2019/07/finding-the-perfect-solvent-to-capture-co2/
https://blog.sintef.com/sintefenergy/ccs/oxidative-degradation-co2-capture-nccs-mobility-fund/
https://blog.sintef.com/sintefenergy/ccs/oxidative-degradation-co2-capture-nccs-mobility-fund/

Buvik, Vanja: Lasninger for CO.-fangst. Presentation at Forsker Grand Prix
24.09.2020. https://youtu.be/mCQ2qgXkQhc [14:13 - 22:18]

Buvik, Vanja: Instagram takeover on the NV Faculty account, 20.11.2020.
@ntnurealfag — FGP takeover.

Buvik, Vanja: Bedre aminer kan hente ut CO, mer effektivt (2020). Podcast episode
on Teknisk Sett, https://www.tu.no/artikler/bedre-aminer-kan-hente-ut-co-sub-2-
sub-mer-effektivt/502578

Buvik, Vanja & Knuutila, Hanna K.: When little things have a big impact (2021),
NTNU - NV Faculty blog https://www.ntnu.no/blogger/teknat/en/2021/02/19/when-
little-things-have-a-big-impact/

Buvik, Vanja: Lgsninger for CO,-fangst. Presentation at Realfagskonferansen
11.05.2021. https://youtu.be/DWSPmMzdsAQA

1.5 Author’s contribution to the work

Thesis Publication title Extent and nature of author’s
chapter contribution
A review of . .
. The first author contributed to data
degradation and ; - .
AN collection, writing parts of the first draft,
3 emissions in post- L .
. revision of the manuscript before and after
combustion CO, . L -
. peer review and editing before resubmission.
capture pilot plants
The first author took part in the
conceptualization and planning of the work,
Measurement and performed all the experiments, with the
prediction of oxygen exception of some of the validation of the
5 solubility in post- optical dissolved oxygen sensor, wrote most
combustion CO, of the original manuscript, with exception of
capture solvents the description of the optical sensor and the
modelling work, and partook in revision and
editing of the peer reviewed manuscript.
The first author took part in the
conceptualization and planning of the work,
Stability of structurally  performed the oxidative degradation
6 varied agueous amines  experiments and most of the analyses of the

for CO- capture

degraded solutions, wrote large parts of the
original manuscript and partook in revision
and editing of the peer reviewed manuscript.
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Thesis L . Extent and nature of author’s
Publication title .
chapter contribution

The first author has carried out the oxidative
and thermal degradation and chemical
analyses and has also written the parts
related to thermal and oxidative degradation
in the first draft of the paper. The first author
also contributed to the revision and editing
of the peer reviewed manuscript before
publication.

Addition of stable salts
reduced oxidative

7 degradation of
monoethanolamine
(MEA).

The first author performed the experimental
work under guidance of the second author,
Experi who also performed the objective
Xperimental - A
observations used for effect quantification.
assessment of the . o
8 . . The first author also performed the statistical
environmental impact analyses and wrote the first draft of the
of ethanolamine aly - . .
original manuscript, as well as revising and
editing the peer reviewed manuscript before
publication.
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Chapter 2

Literature review

In this chapter a brief summary of the status and knowledge within the
field of amine degradation in CO; capture applications is given. Since
most of the mechanistic studies, and degradation studies in general, have
been performed on aqueous ethanolamine (MEA), an emphasis is put on
MEA degradation, since much of the knowledge generated on MEA
degradation also is applicable to other amines.
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2.1 Amine degradation

MEA is no longer the most commonly used amine for CO; capture these days, as it
has largely been replaced by more stable blends of among others AMP, MDEA and
PZ. Much of the data represented in this chapter does, however, originate from MEA
studies. All amines degrade to some extent, and MEA doing so more rapidly than
most others, having made it easier to gather degradation data on that than many other
amines. Other amines seem to follow similar pathways as MEA in terms of primarily
forming small, typically acid, alkylamine, ammonia, and aldehyde compounds, and
then secondary degradation compounds by further reaction of these, making MEA
degradation data useful for studying amine degradation in general. Its fast degradation
reactions make it possible to perform a lot of test in laboratory scale under different
conditions in a short time. This possibly allows for the discovery of issues that might
not be found until a long way into the operation time with other amines. All the
experiments presented here are based on enhanced conditions, favouring a rapid
breakdown of the amines, much faster than what would take place in an actual CO,
capture plant.

Many further degradation compounds have been suggested and identified in degraded
MEA, that are not represented in the following sections. These tend to occur in lower
concentrations than the ones given here or are found for other amines. Many of these
compounds are presented in Freeman (2011), Closmann (2011), da Silva et al. (2012),
Vevelstad (2013), Voice (2013), Gouedard (2014), Reynolds et al. (2015), Vevelstad
et al. (2016), Morken et al. (2017), Thompson et al. (2017), Wang and Jens (2012),
and Nielsen (2018).

2.2 Pathways and products of oxidative degradation

0 cl) 0
i § SN0 —NH,

formaldehyde acetaldehyde oxalaldehyde methylamine

(0]
o 0 HO\H)J\
HO OH
HO o )J\OH ~Aom 5
formic acid  acetic acid glycolic acid oxalic acid

Figure 2.1: Chemical structure of typical primary oxidative degradation products of MEA.

Oxidative degradation takes place, when the amine comes in contact with oxidizing
species, such as dissolved Oz, SOx, or NOx from the flue gas. Oxidation reactions
take place after the amine solution absorbs oxidising species from the flue gas in the
absorber column. The initiation step of oxidative degradation reaction is assumed to
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take place via a radical mechanism, by either electron abstraction, hydrogen
abstraction, or less commonly a reaction between water and aminium (Bedell et al.,
2011; Hull et al., 1967; Rooney et al., 1998; Smith and Mann, 1969). The main
products of these initial reactions are organic acids, mainly formic, acetic, glycolic,
and oxalic acid as well as ammonia (NHs), aldehydes, and methylamine (Figure 2.1),
especially for MEA, but also many other amines (da Silva et al., 2012). The formation
of these acids has proven to be catalysed by dissolved metals (Blachly and Ravner,
1963; Goff, 2005; Sexton and Rochelle, 2009). So far, no experimental studies have
identified any of the radical intermediates, although many thorough and likely
mechanistic predictions have been made.

Formation of all these acids releases ammonia from the organic molecule. The
formation of methylamine was hypothesized to take place via a radical mechanism,
simultaneously as the acid formation, first by Rooney et al. (1998) and then in a
different mechanism by Lepaumier (2008), as show in Figure 2.2. Likely because of
the difficulty in setting up mechanistic studies involving radicals, especially in
complex mixtures such as CO, loaded amine solutions, the exact mechanisms of
primary degradation product formation have not been confirmed.
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Y&o HO) NH; 1:\
OH formic acid MA OH ,
oxalic acid oxalic acid
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OY§O T H,0 3 l <o,
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H.O formic acid
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glycolic acid glycine MEA OH OH
-NH; glycolic acid
-NH;
H,O
HO
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Rooney et al. (1998) Lepaumier (2008)

Figure 2.2: Proposed mechanisms of formation of some of the primary degradation products of MEA,
by Rooney et al. (1998) and Lepaumier (2008).

Following the formation of the primary degradation compounds; many secondary
degradation compounds have been identified. A selection of some of the abundantly
studied secondary oxidative degradation compounds can be seen in Table 2.1. Many
of these are amides, which may be formed in reactions between the amine and primary
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degradation compounds, as shown in Figure 2.3 (da Silva et al., 2012; Lepaumier et
al., 2011a; Strazisar et al., 2003). HEA has been shown to form in reaction between
MEA and acetic acid, while HEF forms from MEA and formic, or also oxalic acid,
(Supap et al., 2011). HHEA is a product from MEA and glycolic acid, while BHEOX
is an indirect product formed by reaction of MEA with oxalic acid (Lepaumier et al.,
2011a). HEOX is possibly an intermediate, that has only been tentatively identified
(Gouedard, 2014; Vevelstad and Svendsen, 2016). HEOX has also been hypothesized
to form by hydrolysis of BHEOX (Supap et al., 2011). HEHEAA is suggested to be
formed in this manner with either HEA, HEGIy or glyoxal, as depicted in Figure 2.4
(da Silva et al., 2012; Gouedard, 2014; Strazisar et al., 2003).

Table 2.1: Names, common abbreviations, CAS number and chemical structure of many of the
commonly studied and identified secondary degradation products, mainly of MEA.

Name Abbreviation CAS Structure
N,N’-bis(2- H 9
N on
hydroxyethyl)- BHEOX 1871-89-2 HO™ T|/ W
ethanediamide o
O
N-(2-hydroxyethyl)- HEA 142-26-7 A~ _oH
acetamide N
H
-(2- - gy e _AH
N-(2 hydroxyethyl) HEE 693-06-1 OF N
formamide H
o
N-(2-hydroxyethyl)- e gy 5835-28-9 R
glycine HO™ ™"~ 0H
N-(2-hydroxyethyl)- H 9
2-[(2-hydroxyethyl)  HEHEAA 144236395 .~ _N._J ~ __oH
amino]-acetamide H
imi /==
1H-imidazole-1- HE] 1615-14-1 Ne N
ethanol e TH
2-((2- H ‘i
hydroxyethyl)amino)- HEOX 5270-73-5 ||{3""‘“V'N*W“ “(IH
2-oxoacetic acid GO
4-(2-hydroxyethyl)-2- HEPO HN/\
YETO 23936-04-1 N
piperazinone (4HEPO) OF NNl
e
(2- 2. HN"
1-(z-hydroxyethyl)-2- - ep g 50702-23-7 LT
piperazinone M~ ~OH
2-hydroxy-N-(2- o
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One of the big mysteries in oxidative degradation of MEA, is the formation of HEI,
being such a dominant degradation product and yet not a direct product of any simple
condensation reaction, also being one of few identified aromatic degradation
compounds. Patents have suggested that reactions between MEA, glyoxal,
formaldehyde and ammonia can produce HEI (Gouedard, 2014; Katsuura and
Washio, 2005; Kawasaki et al., 1991), and Vevelstad et al. (2013) proposed a reaction
mechanism based on this, shown in Figure 2.4. The fact that the same publication
observed that increasing oxygen concentration gives increased HEI production
suggests that the formation of HEI is favoured under highly oxidizing conditions,
possibly through a radical mechanism.

I OH
HO\/\NH2 + HO&O O%N/\/

H,0 H
MEA formic acid HEF
(0] O
HO
\/\NH2 + )J\OH H20 )J\N/\/OH
H
MEA acetic acid HEA
(0] (0]
HO
\/\NH2 + HO\)J\OH ‘7}120 HO\)J\N/\/OH
. . H
MEA glycolic acid HHEA
HO. _~ HO\H)J\OH = AN
NH, * 1.0 HO OH
MEA oxalic acid HEOX
(0] (@]
HO. _~ + H —_— H OH
NH2 Ho/\/ OH HZO Ho/\/ H/\/
MEA © ©
HEOX BHEOX

Figure 2.3: Proposed mechanisms of formation of HEF, HEA, HHEA, HEOX, and BHEOX according
to da Silva et al. (2012), Lepaumier et al. (2011a), and Strazisar et al. (2003).
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Figure 2.4: Reactions suggested to form HEHEAA, by a) a radical reaction between MEA and HEA,
catalysed by ferric (Strazisar et al., 2003), or in condensation reactions between MEA and b) HEGly da
Silva et al. (2012), or c) with glyoxal (Gouedard, 2014).
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Figure 2.5: Mechanism proposed for the formation of HEI from 2-methyleneamino)ethanol and
iminoacetaldehyde, by Vevelstad et al. (2013).

Another unknown is how the dominant degradation product HEGIy is formed, which
is also present in abundance in degraded MEA, but is not a known condensation
product of any two compounds, when tested in laboratory scale. The only
mechanisms proposed for HEGly formation were made by Vevelstad et al. (2014) as
a condensation reaction between glyoxylic acid and MEA, under dissociation of a
CO2 molecule, as given in Figure 2.6, or from HEHEAA as suggested by Gouedard
(2014).



(o]
-H,0
MEA (0] (6]

-CO, H
a)
o ©0” 0
Ho\/\N/\)J\OH
H
HEGly

Figure 2.6: Formation mechanism of HEGly from MEA and glyoxylic acid, proposed by Vevelstad et
al. (2014).

There also seems to be a disagreement between the ratios of oxidative degradation
compounds formed on the pilot scale compared to in laboratory scale oxidative
degradation studies. HEPO and HEGIy are usually the dominant products observed
in pilot scale MEA campaigns (da Silva et al., 2012; Morken et al., 2017), whereas in
laboratory scale oxidative degradation experiments at simulates absorber conditions,
HEF and HEI have been observed in the largest quantities (Vevelstad et al., 2013). A
low concentration of O, has, however, proven to give rise to HEGIy formation also
in laboratory scale (Vevelstad et al., 2013). HEPO on the other hand, is hypothesized
to require higher temperatures than given at absorber conditions, or in the studies of
purely oxidative conditions, formed by thermal dehydration of HEHEAA, as shown
in Figure 2.6. The same studies also saw and suggested an alternative, analogous
mechanism for the formation of the less dominant 1HEPO species. Other mechanisms
for the formation of HEPO and 1HEPO were also suggested by Gouedard (2014),
which can be viewed in Figure 2.8.

H \).i\ 7 1HEPO
o~ . -OH
%o\ o)
HEHEAA HN)J\
N
~"oH
HEPO

Figure 2.7: Proposed mechanisms of self-condensation of HEHEAA to form HEPO and 1HEPO
according to da Silva et al. (2012) and Strazisar et al. (2003).
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Figure 2.8: Suggested mechanisms for the formation of HEPO and 1HEPO by Gouedard (2014).

Many researchers have previously studied oxidative degradation of amine in
laboratory scale, for nearly a century, a selection of which can be seen in Table 2.2.
The first of these were comparing different amines and their stabilities, as well as
looking for inhibitors and catalysts of degradation. In the past two-three decades a lot
of studies have aimed to understand the fundamentals of these reactions on a more
mechanistic level, at the same time as studying many different amines, and searching
for inhibitors of degradation.

Table 2.2: Research contributions towards understanding oxidative amine degradation.

Group Amines Goals Main findings References
Standard Testing resistance of the ~ MEA was the most
Oil MEA, amine solvents at 85 °C resistant amine towards Gregory and
TEA, . S Scharmann
Company, DIPA with constant O2 oxidation, followed by (1937)
USA sparging. TEA and DIPA.
Fe and Cu catalyse
S - degradation, while Blachly and
Stabilising the ag. amine EDTA and Na salt of Ravner (1963);

solvents used for CO2
capture in submarines
using inhibitors.

US Navy MEA N,N-diethanolglycine act  Blachly and
as peroxide scavengers, Ravner (1964,
inhibiting oxidative 1965, 1966)

degradation.
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Group Amines Goals Main findings References
First proposed
. mechanism for
Dow . MEA, Study a Series of aq., formation of the primary ~ Rooney et al.
Chemical DEA, CO: free, amines under degradation compounds  (1998)
Company  MDEA oxidative conditions. forgmic acetic ofalic
and glycolic acid
Study oxidative stability
of MEA (aq.) in the :
Regina, absence of CO2 in Power-law r_ate m_ode'l, Supap (1999)
able to predict oxidative
SK, MEA autoclave type reactors dearadation in their and Supap et
Canada at temperatures 120- s gtem al. (2001)
170 °C and high ystem.
pressures.
Study oxidative stability Conclusions about the
MEA, in varying concentration, influence of
§|e<g|na, Q/r:dDEA v’\\lllat\r}gndi\r/]vglr}t(z) l::tlggz‘ concentration of amine, Bello and Idem
; . 0Oz, CO2, temperature, (2006)
Canada blends of  type reactors at and corrosion inhibitor
the two temperatures 55-120 °C were made
and high pressures. '
Study stability under
typical absorber Presence of CO2 makes a Chi and
University MEA conditions, investigating  huge difference in the Rochelle
of Texas the effect of iron and rate of degradation of (2002)
inhibitor concentrations MEA.
on ammonia evolution
Study formation of many
of the postulated and Strazisar et al
identified oxidative Many degradation (2001) and '
US DOE MEA degradation products of ~ mechanisms were Strazisar et al
MEA (ag.) were studied  proposed. (2003) '
in a sample from a CO2
capture plant.
Oxidative stability of Goff and
\é\:(a\slgfisggd ?Oncclesga fange  Mass transfer of O2is Rochelle
University MEA arameterg' H CO the limiting factor for (2003), Goff
of Texas parar - PH, L2 degradation rate of and Rochelle
loading, and O2/Fe/Cu MEA (2004) and
/MEA concentrations, ’ Goff (2005)
inhibitor presence.
Studying degradation of Many oxidative
-1 H
L 4 mo_l kg . (aq.) amine degradation mechanisms
Université 12 solutions in a pressurised were postulated in this Lepaumier et
de Savoie/  different  vessel of 2 MPa, with work pbase d on results al F22009b)
IFP amines 0.42 MPa O, at high ' '

temperature (140 °C) in
absence of CO..
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Group Amines Goals Main findings References
Oxidative amine stability
under non-mass transfer
MEA, limited conditions. .
University PZ, and Degradation product isr;uiftd ()trr]lihceatalysts Sexton (2008)
of Texas MEA/PZ  formation monitored de pra dation rate
blends with and without 9 ’
presence of metals or
inhibitors.
MMEA more unstable
than MEA under all
. tested conditions. Many
NTNU/ Degr_a(_jatlon at absorber volatile compounds are Lepaumier et
MMEA conditions compared to -
SINTEF dearadation of MEA formed during al. (2011b)
9 ' degradation of MMEA.
Mechanisms were
proposed.
Study stability of 7 m
2?\'?5’:‘ :a'iaénszlzvxtt h Oxidative degradation
University MDEA de radgtion apparatus model made based on Closmann
of Texas and PZ 9 ppar the results from the (2011)
(ISDA) for combined
el ISDA.
oxidative and thermal
degradation studies.
2+ j2+ 3+
- Study rate of oxidation Fe*, Ni and_ Cr_ are
University 2 only weak oxidation Freeman
Pz studied in presence of
of Texas catalysts compared to (2011)
catalysts. Cu*
Study oxidative .
. Degradation rate was
USN AMP ?fgr)a?nagﬁgftfoﬁxz found to be mass transfer  Wang and Jens
tyg'e ierey limited like in Goffand  (2012)
140 °C. Rochelle (2004).
Significant overlap
found between
Comparison of degradation products
SINTEF/ MEA Iaborzto scale and pilot from pilot and laboratory  da Silva et al.
NTNU ry PIIOL " scale. Oxidative (2012)

scale degradation.

L' m = molamine kg_lHZO-
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Group Amines Goals Main findings References
Suggested 4 m AMP + 2
m PZ, with a corrosion
Mainly Achieve a better inhibitor or continuous
University understanding of the metal removal as a .
of Texas l':\,AZEA and causes and solutions to capture solvent, with Voice (2013)
amine oxidation process modifications to
reduce degradation
issues.
Degradation rate of PZ
increases in blend with
Oxidative stability AMP, despite of the
USN QZI]Z/SPZ studied at temperatures same compounds }/;lg?g)and Jens
between 80 and 140 °C detected in the single
amine solutions as in the
blends.
ME/IAI\E A Temperature and
' Study oxidative stability ~ dissolved metals
DMMEA, : . . Vevelstad et al.
NTNU in a closed batch system influence degradation
AP, AB, : - . (2014)
Gly, and with gas phase recycling. and MEA degradation
! rate.
Sar
Open setup generally
MEA, . . gave higher amine
MMEA. Identify the differences losses, with some
between the use of - Vevelstad et al.
NTNU AP, AB, exceptions where the
closed, and open batch - (2014)
and svstems degradation rate was
MAPA Y ' comparable under both
conditions.
Inhibitors that
successfully worked
Universit Study inhibitors for under simulated absorber  Voice and
of Texas Y MEA oxidative degradation of  conditions were Rochelle
MEA (aq.). unsuccessful at (2014)
hindering degradation
under cyclic conditions.
Study oxidative stability .
SINTEF/ of MEA (aq.) at different Monltorgd MEA loss Vevelstad et al.
MEA : and 17 different
NTNU temperatures and pOz in . (2016)
degradation compounds
an open-batch setup.
. . No perfect inhibitor,
Studylng_ the influence of suitable for both
degradation and - d
corrosion inhibitors on corrosionand Fytianos et al
NTNU MEA degradation inhibition '

the oxidative stability of
MEA (ag.) in open batch
reactors
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Group Amines Goals Main findings References
Study oxidation rates
and products in a bench-  Created a model for
University scale cyclic degradation ~ degradation and solvent .
of Texas Pz apparatus. Compared to management costs in Nielsen (2018)
PZ oxidation from pilot-  full-scale.
scale campaigns.
Amine stability was The strioper
University studied under oxidative SUrippe Wu et al.
Pz o configuration seems to
of Texas conditions in an . (2018)
. reduce PZ degradation.
advanced flash stripper.
Study structural effects
in amines on oxidative
. 16 stability. Aqueous amine  Results agree with those
University Ikanol . | dinch Muchan et al.
of Regina alkanol- concentrations of 2 mo prgsente_ in chapter 6 of (2021)
amines kg*(ag.), CO: free this thesis.

conditions and an open
batch setup.

As can be understood from the rest of this section, oxidative degradation in very
complex and not fully understood, despite of countless researchers giving it their best.
To combat degradation in the CO; capture process it might, however not, be necessary
to understand it to its full extent, so while we are trying to comprehend these
mechanisms, we can also focus on solutions for avoiding it. This thesis aims to do
just that, not directly contribute to the mechanistic understanding of degradation, but
rather to means of avoiding oxidative degradation in the first place.

2.2.1 Oxygen solubility in amine solvents

Not surprisingly, and as seen in laboratory scale experiments, oxygen concentration
has an impact on oxidative degradation. The higher the oxygen pressure is, the more
oxidation products are observed and the higher the amine loss is (Bello and Idem,
2006; Supap et al., 2001; Vevelstad et al., 2016). The inherent solubility of oxygen
gas into water is low, around 40 ppm at atmospheric pressure and room temperature
ina 101.3 kPa O, atmosphere. CO> under the same conditions has a solubility of about
1500 ppm, significantly higher. In the post-combustion CO; capture plant, the oxygen
concentrations will be much lower than 40 ppm, firstly, because of the lower O,
pressure (3-16 kPa), secondly, due to the increased temperature, and thirdly because
of the electrolytes contained in the solvent, all of which are factors that reduce gas
solubility into liquids (Battino and Clever, 1966; Schumpe et al., 1978). The complex
process conditions have, however, made it difficult to exactly estimate how low the
inherent solubility of the amine solvent is.

Every solvent has different inherent gas solubility properties (Battino and Clever,
1966), so this is expected also of aqueous amine solvents. A first approach to
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understanding the solubility of oxygen in amine solvents was made by Rooney and
Daniels (1998), who looked at aqueous solutions of MEA, MDEA, and DGA, at
different temperatures, using atmospheric oxygen pressure (21%). They used a
commercially available dissolved oxygen (DO) sensor, made for water testing, and
determined that the solubility of aqueous amines is comparable to that of water. Later,
Wang et al. (2013) studied oxygen solubility in aqueous MEA, with and without CO,
loading, also using a DO sensor. This study also verified the sensor for use in 30 wt%
MEA (aqg.) without CO- loading, by developing an indirect Winkler titration method
that deviated 0-11% from the oxygen concentrations measured by the DO sensor.
This study observed that the combination of high CO, loadings and high temperature
(>40 °C) caused the measured oxygen concentrations to drastically drop. No studies
looking at oxygen solubility in pure, or diluted amine solvents than those mentioned
here have been found. The direct effect of the ionic compounds formed by CO,
absorption on oxygen solubility has also not been studied in the past.

2.3 Pathways and products of thermal degradation

Thermal degradation has been shown to dominate less in pilot-scale CO, capture
processes, where typical thermal degradation products that are produced in the lab
usually occur only in low concentrations compared to products of oxidative
degradation (da Silva et al., 2012; Lepaumier et al., 2011a). Despite of the
concentrations being very much lower in pilot than in lab scale, the same compounds
seem to be produced in both settings. The most prominent thermal degradation
products from MEA, both in laboratory and pilot scale, are HEEDA, HEIA, and OZD
(Table 2.3), with HEIA being the most dominant (Davis and Rochelle, 2009;
Lepaumier et al., 2011a; Lepaumier et al., 2009a). MEA urea is also expected to be a
prominent thermal degradation product on pilot scale, but there is little quantitative
data available to evaluate how important it can be (Davis and Rochelle, 2009; Huang
et al., 2014). The thermal amine degradation is a result of both a high CO; loading
and the high temperature in the desorber column and reboiler (Davis and Rochelle,
2009; Lepaumier et al., 2009a). Un-loaded, the reaction pathways are mainly
dealkylation, dimerization and cyclisation (Gouedard et al., 2012), reacting from
MEA carbamate, however, carbamate polymerization can take place (Lepaumier et
al., 2009a).

Table 2.3: Names, common abbreviations, CAS number and chemical structure of many of the
commonly studied and identified thermal degradation products, mainly of MEA.

Name Abbreviation CAS Structure
N-(2-aminoethyl)-N’- Q
(2-hydroxyethyl)- AEHEIA 1402137-23-8 1\

.. . SN MN" T B
imidazolidinone HzN -~ | NTN—oH
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Name Abbreviation CAS Structure

H

Diethanolamine DEA? 111-42-2 HO= N 0H
2-[(2-aminoethyl) 3 e . H .
amino]-ethanol HEEDA 111-41-1 Ho~ M,
Q
-(2- -2- HN —
1-(2-hydroxyethyl)-2 HEIA 3699-54-5 ;1
imidazolidinone N O
H
N-(hydroxyethyl) MEA trimer 1965-29-3 R A T
diethylenetriamine : H
o}
N,N’-bis(2- I
' -70- HOL e A _OH
hydroxyethyl) -urea MEA urea 15438-70-7 ~— H Hz‘xu
Q -0
2-oxazolidinone ozp* 497-25-6 O F
—MNH
N-[2-[(2- j]k
hydroxyethyl) . 5 e H
aminojethyl] TriHEIA 1154942-78-5 HN\_,N%N\"’\OH

imidazolidin-2-one

OZD is an intermediate product, formed though the cyclisation reaction depicted in
Figure 2.9. It should, however, be noted that OZD formation is sensitive to O
concentration in laboratory scale oxidative degradation experiment, so the possibility
of an oxidative mechanism at lower temperatures should not be excluded (Vevelstad
et al., 2013). OZD is reactive and will continue to react, forming i.e. HEEDA, as
shown in Figure 2.10. HEIA is energetically favoured compared to HEEDA, and can
be formed by HEEDA reacting further in a condensation reaction (Parks et al., 2020).
Alternatively, if HEEDA reacts with another OZD molecule, the MEA trimer can be
formed (Lepaumier et al., 2009a).

Lo — oo 5
- . e o
HO\/\NJ\O@ O C~N""0H . HN O + OH
H H /
MEA carbamate 0ZD

Figure 2.9: The mechanism of OZD formation by MEA carbamate cyclisation. Adapted from Lepaumier
et al. (2009a), Davis and Rochelle (2009) and Gouedard et al. (2012).

2 Has also been proposed to form though reaction between MEA and NOx (Fostés et al., 2011).
% Also sometimes called AEEA

4 0ZD may also be a product of oxidative, lower temperature, degradation.

5> Also sometimes called HEAEIA
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Figure 2.10: OZD is likely to react with a further MEA molecule to form the dimer HEEDA and then
HEIA at elevated temperatures (Davis and Rochelle, 2009; Lepaumier et al., 2009a; Parks et al., 2020).
MEA urea formation is suggested to take place by MEA attacking either a MEA
carbamate in another condensation reaction, or by nucleophilic substitution on OZD,
both shown in Figure 2.11.

a) o
o i
HO O
\/\NJJ\O HZN/\/OH HO\/\N)J\N/\/OH + H,0
H \/ H H
MEA carbamate MEA MEA urea
0] o]
OH —> HO J\ OH
HN)(EO HoN™ \/\” H/\/
0zZD MEA MEA urea

Figure 2.11: Suggested formation mechanism of MEA urea, a) adapted from Davis and Rochelle (2009),
and b) from Davis (2009).

The formation of AEHEIA, which was identified as one of the four primary thermal
degradation compounds of MEA by Eide-Haugmo et al. (2011a), likely takes place
in an intramolecular condensation reaction of the MEA trimer, according to Figure
2.12 (Lepaumier et al., 2009a). This reaction alternatively takes place in the
analogous mechanism with the carbamate on the primary amine function, forming
TriHEIA, with the same molecular weights as AEHEIA, as reported by Davis (2009).
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Figure 2.12: Suggested mechanism of formation of the imidazolidinones AEHEIA, by Lepaumier et al.
(2009a) and TriHEIA by (Davis, 2009).

Formation of DEA from MEA is hypothesized to take place via the epoxide oxirane
(Talzi, 2004), or from HEIA, through the dissociation of first NHs, then CO, (Talzi
and Ignashin, 2002). The polymerization reactions taking place during thermal
degradation do not necessarily stop at dimers and trimers, such as those represented
in Table 2.3, but also form larger amine polymers, many of which have been
identified and suggested based on their molecular masses (Davis and Rochelle, 2009;
Davis, 2009; Eide-Haugmo et al., 2011a; Eide-Haugmo et al., 2011b; Lepaumier,
2008; Lepaumier et al., 2009a).

2.4 Nitramine and nitrosamine formation

Ry /O R\ @0
/N—N N=N
Rll R" O@
nitrosamine nitramine

Figure 2.13: General structure of nitrosamines and nitramines, R” and R’ representing arbitrary groups.

The last group of degradation compounds which are commonly monitored in pilot
and lab scale oxidative degradation of amines are nitrosamines and nitramines, which
are compounds that follow the general structures given in Figure 2.13. A selection of
commonly identified nitrosamines in the CO; capture plant can be viewed in Table
2.4. These compounds are not found in particularly high concentrations neither in the
gas nor in the liquid phase, but their toxicity gives their monitoring high importance.
Nitrogen dioxide (NOy) is prone to undergo nitrosamine formation and nitration
reactions with secondary amines. Since secondary amines can be formed though
degradation reactions nitrosamines can, therefore, also be formed from primary,
tertiary, and even quaternary amines (Fine, 2015; Gouedard et al., 2012). The first
time nitrosamines were reported to be found in the context of amine scrubbing was
by Strazisar et al. (2003), since then it has been regularly monitored during CO;
capture plant operation. Nitrosamines are found in approximately one order of
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magnitude higher concentrations than nitramines in the CO- capture plants where
they are measured (Dai and Mitch, 2014; Dai et al., 2012).

Table 2.4: Names, common abbreviations, CAS number and chemical structure of some nitramines and
nitrosamines formed by amine degradation.

Name Abbreviation CAS Structure
O
2-(nitroamino)-ethanol MEA-NO; 74386-82-6 HO -~ Ny
H
D_ﬁN
N-nitrosodiethanolamine NDELA 1116-54-7 N ~
HO™ ™" ~~""0H
N-nitrosodimethylamine NDMA 62-75-9 N ‘N -0
i 2-hyd hyl “N o
nitroso-(2-hydroxyethyl)  \, LEGly  80556-89-4 .
glycine Ho™ ™ ~"op

Nitrosamines are highly carcinogenic to humans even at very low concentrations
(Fine, 2015; Garcia et al., 1970; Inami et al., 2009) , whereas nitramines are about
one order of magnitude less mutagenic (Wagner et al., 2014). On a positive note,
nitrosamines are known to degrade rapidly when irradiated with UV-light, such as for
example sunlight, reducing the environmental impact of potential nitrosamine
emissions (de Koeijer et al., 2013). Nitramines are more stable to photooxidative
conditions and are therefore more likely to persist in the environment (Nielsen et al.,
2012; Pitts Jr et al., 1978). The main ways of avoiding nitrosamine and nitramine
formation in the CO; capture plant, is by choosing amines that have low volatility,
not employing secondary amines for CO; capture, to remove NOx from the flue gas
prior to contact with the amine solvent, or employing a water wash section to capture
the degradation products from the cleaned flue gas (Dai and Mitch, 2013, 2014,
2015).

2.5 Degradation inhibitors

Oftentimes an amine solvent or solvent blend contains additives to suppress negative
properties like degradation, corrosivity or an inclination to foam. Degradation and
corrosion inhibitors can typically be categorised into three overarching types. Either
they are scavengers for removing oxygen or radicals from the solution, such as
guinone, sodium sulphite (Na,SOs) or formaldehyde. These react stoichiometrically
with dissolved oxygen in the solution and require regular replenishment. Another
category is that of chelating agents for binding dissolved metal ions and preventing
them from catalysing the degradation reactions. Typical chelating agents are
ethylenediamine tetra acetic acid (EDTA), sodium phosphate (NasPO.) or sodium
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tetra sulphate (NaS4). This category of inhibitors will also require replenishment and
possible removal of spent inhibitor species. The last group of degradation inhibitors
are stable inorganic salts, for which, at least partly, the work mechanism is assumed
to be reducing the solubility of oxygen in the solution. (Goff and Rochelle, 2006;
Léonard et al., 2014) There are, however, exceptions to this generalisation and as
Goff and Rochelle (2006) already have described, namely reaction inhibitors. These
will influence the degradation mechanism in a way that makes it less favourable, as
they describe that their “Inhibitor A” does. A reaction inhibitor for oxidation reaction
is iodide (I"),, according to Altshuller et al. (1959) and Sjostrom et al. (2020), which
reversibly forms triiodide (I3") in contact with oxidising agents. Is” can easily be
reduced back to I" in the reaction mixture, and then be reused to inhibit further
degradation reactions. This is the inhibition mechanism we assume is taking place in
the Kl salted amine solvent (SAS) presented in Chapter 7. Corrosion inhibitors can
also often be oxidation passivators, which promote a film formation on the metal
surface, that often consist of heavy metal salts (Fytianos et al., 2016a; Kittel and
Gonzalez, 2014; Kohl and Nielsen, 1997).

Ideally, one would find a solvent that works well on its own, without need for
additives, as it seems that inhibitors often have a negative side effect that defeat the
positive, i.e. that degradation inhibitors can cause foaming (Chen et al., 2011,
Thitakamol and Veawab, 2008), that a corrosion inhibitor may increase the
degradation rate (Idem et al., 2006), or a degradation inhibitor can increase the
corrosivity of the solvent (Palencsar et al., 2019). It has also been seen that an
inhibitor can work perfectly for its purpose under one set of conditions, like oxidative,
and then fail to do so under a combination of conditions, like cyclic, repeated,
absorption and desorption under temperature swing conditions (Nielsen, 2018; Voice
and Rochelle, 2014).

2.6 Environmental impact and biodegradation

The study of environmental fate of amines has many aspects. It includes
biodegradation and ecotoxicity, which need to be under the limits set by local
governance, and it includes the knowledge of the pathways and impacts the
compounds themselves, and their degradation products may take in air, water, soil,
plants, and animals. Because of this topic’s immense complexity, it is usually studied
in smaller parts, in studies focusing on one, or some aspects of this in turn.

Among the first targeted biodegradation studies of amines is that of Emtiazi and
Knapp (1994), where, among other, MEA, PZ, DGA, DEA, and HEEDA were
studied in die-away experiments in soil or sludges. They concluded that all the studied
amines were biodegradable, but PZ the least of them. One of the most thorough works
performed in regard to the faith of amine compounds in the environment, was done
by Eide-Haugmo et al. (2012). They studied the seawater biodegradability and marine
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ecotoxicity of 43 amines used, or considered used for CO, capture, using
internationally acclaimed and standardized tests. They found that 38 of these had low
acute toxicity and that more than half of the studied amines were sufficiently
biodegradable to be used, according to OECD guideline 306 (OECD, 1992). Henry
et al. (2017) performed similar tests in fresh water, where it appears that the amines
are slightly more degradable here, than in seawater. Brakstad et al. (2012)
additionally screened and studied the biodegradation kinetics of 20 alkanolamines,
finding that generally, primary, and secondary alkanolamines are mostly readily
biodegradable, tertiary less so, and sterically hindered amines are the least
biodegradable. More studies have been performed on single amines, especially on
MEA, to determine its biodegradation pathways under aerobic, and anaerobic
conditions, in water and soils. these have mostly concluded that MEA is readily
degradable (Kim et al., 2010; Mrklas et al., 2004; Ndegwa et al., 2004; Wong et al.,
2004).

Gjernes et al. (2013) performed an investigation of the area surrounding a CO;
capture plant, analysing for amines and degradation compounds in the air, soil, moss,
and fresh water nearby, assessing the fate of emissions from the Technology Centre
Mongstad (TCM) CO., capture plant in the environment. When talking about
environmental fate of emissions, nitrosamines is also an important matter that always
has to be considered. Due to their fast photoinduced degradation in contact with
sunlight, these are, however, more an immediate concern, due to their high
carcinogenicity, than a prolonged environmental faith issue (Brakstad et al., 2018; de
Koeijer et al., 2013; Fine, 2015). They may however persist if in sufficiently high
concentrations and if accumulated in water, in depths where sunlight does not
penetrate and should not be ignored (Sgrensen et al., 2015). Nitramines are, as
mentioned before, more persistent in the environment and more resistant to
photooxidation.

That all being said, degradation in general, is also an environmental issue. If one is
able to increase overall solvent stability, this will lead to a lower consumption (and
need for production) of amine solvent, reduce corrosion, associated operational
issues, and save energy in the process, because the capacity of the solvent would not
decrease. Reducing the formation of volatile degradation products will also, naturally,
reduce the emissions and the need for identifying and assessing the safety of
degradation products in the environment.

2.7 Concluding remarks about amine degradation

There have been done a lot of studies to try and fully understand the degradation
mechanisms of amines used for CO- capture, and this understanding already goes a
long way. Many of the mechanisms suggested in literature seem very sensible,
although some are missing mechanistic studies to clarify the exact pathways taking
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place. To fully comprehend the pathways of the degradation reactions, mechanistic
studies would be necessary, but under the conditions and in the complex matrix we
find in the CO- capture plant these would be hard to perform. Among the largest
unknowns are the initiation reactions, that most likely are of radical character. Being
able to elucidate these exact pathways would be a very interesting addition to the
current knowledge base on amine degradation. A complete understanding of reaction
mechanisms may, however, not be the highest priority on the road to achieving more
stable amine solvents, as this is tedious work that requires powerful experimental and
analytical techniques. Having a fast way of assessing the stability of a potential amine
could help make picking novel solvents much easier and add more value to the solvent
development field than mechanistic studies. For example, understanding how
structural features influence the amine stability under different conditions in a more
overarching way can help identify suitable or non-suitable solvents for CO, capture,
in terms of degradability, more rapidly.

Factors that influence degradation of amines have been thoroughly studied, but some
of them are lacking the analytical methods to fully quantify them. This includes
measurement techniques for oxygen solubility in amine solutions. No analytical
method has so far been validated for amine solutions, although techniques for the
removal of oxygen are in development. Development and validation of a technique
would aid the understanding on oxygen solubility’s impact on oxidative degradation
and also be valuable in the dissolved oxygen removal techniques. Something else
that’s missing, is the understanding of metal solubility in the fresh and dissolved
amine solutions. It is often speculated, with good reason, that metals, especially iron
become more soluble when the solvent degrades. There is, however, no direct
technique to determine this. We know that the presence of metals in the solution play
an important role in degradation, but it would also be very interesting to see what role
degradation plays on metal solubility. Some degradation compounds are more likely
to form complexes with the metal ions, like i.e. oxalic, acetic, or glycolic acid, which
have the potential of acting as multidentate ligands.

Because of its complexity, the aspects of amines’ environmental faith have been
studied independently; biodegradability, ecotoxicity, and environmental pathways. It
is of high difficulty to simulate the eventuality of the amine leaking into the
environment though emissions or spills, and then recovering it and its degradation
products for a holistic understanding. This may be what’s missing though.
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Chapter 3

A review of degradation and emissions in
post-combustion CO; capture pilot plants

This chapter comprises a literature review on the published data from
pilot scale testing of amine solvents for CO, capture in the last decade
and was published in the International Journal of Greenhouse Gas
Control in January 2021. The goal of this work was to summarize the
learnings from individual campaigns and identify common observations
and shortcomings. The findings of the paper can be useful for the
operation of large-scale amine-based CO; capture plants, including both
recommendations for monitoring strategies and giving a solid overview
of possibilities within analytical equipment.
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Abstract

Pilot plant testing of amine solvents for post-combustion CO, capture is an essential
tool for fully understanding degradation behaviour and emission profiles under
realistic process conditions. This review aims to summarise the lessons learned in
different pilot campaigns, as well as to give recommendations how solvent stability
and emissions can be monitored and assessed. A total of 18 different pilot plants and
29 individual campaigns were studied, of which the majority used ethanolamine and
flue gas from coal-fired power plants.

The findings of the review are that solvent stability data from different pilot plants
show significantly higher operation time in which the solvent is stable, when
extensive flue gas pretreatment is implemented. It was also found that no single
degradation compound seems to suffice for the assessment of the degradation of a
solvent, even for the widely studied ethanolamine process. Monitoring of the total
liquid-phase heat stable salt concentration, as well as gas phase ammonia
concentration may, however, give an informative picture of the state and degradation
of the solvent. There seems to be a lack of universally applied analytical methods,
which makes it difficult to compare one campaign or location to another. The
implementation of validated and documented analytical standards in this regard will
facilitate production of reproducible, reliable and comparable data for future solvent
stability assessment.
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Abbreviations

Abs absolute LC liquid chromatography

AMP 2-amino-2- methyl-1-propanol MEA monoethanolamine

aq. aqueous MDEA  N-methyl diethanolamine
ATR attenuated total reflectance MS mass spectrometry

CHP combined heat and power NDIR non- dispersive infrared
CCS carbon capture and storage NG natural gas

DeSOx  removal of SOx OES optical emission spectroscopy
DeNOx  removal of nitrogen oxides (NOx) OPC optical particle counter
DNPH  2,4- dinitrophenylhydrazine ppb parts per billion

ED electrodialysis ppm parts per million

EDX energy dispersive X-ray microanalysis PR particulate removal

ELPI electrical low pressure impactor PTR proton- transfer reaction

ESP electrostatic precipitator Pz piperazine

FGD flue gas desulphurisation RFCC residual fluidised cracker
FMPS fast mobility particle sizer SCR selective catalytic reduction
FT-IR Fourier- transform infrared spectroscopy SEM scanning electron microscope
GC gas chromatography TONO total nitrosamine

HSE Health, Safety and Environment VVOC volatile organic compounds
HSS heat stable salts WESP  wet electrostatic precipitator
IC ion chromatography WFGD  wet flue gas desulphurisation
ICP inductively coupled plasma QTOF  quad time of flight

1 Introduction

Removal of CO, from gas streams has been performed industrially for almost a
century to provide pure CO; for industrial purposes, as well as sales-quality natural
gas. CO; capture and storage is also predicted to be vital for achieving the goals of
the Paris agreement and combat anthropogenically caused global warming (Rogelj et
al., 2018). In recent years, several new solvents have been developed (Feron et al.,
2020) and the interest towards a safe and optimised operation of the plants has
increased due to the potential use of the technology for large-scale capture of CO;
from power plants and other industries. As a consequence of the scaling up, however,
various challenges have arisen. In a large-scale plant, solvent degradation, energy
consumption, and potential emissions of the solvent or degradation compounds, can
have significant environmental and economic consequences. Therefore, to gain a
better understanding of the large-scale operation, the process and operating
conditions are first studied through a pilot campaign allowing investigation of the
effect of flue gas composition, impurities, and solvent performance, including
degradation, corrosion, and emissions, on the process performance and costs.

Degradation, as well as corrosion, are considerable challenges in amine-based CO,
capture. As the degradation increases, the amount of make-up solvent that needs to
be added throughout the campaigns increases. Among other, Moser et al. (2020)
summarised that solvent-make-up required in 12 campaigns performed with 30wt%
(ag.) ethanolamine (MEA) varied from 0.3 to 3.6 kg tcoz?, showing a 10-fold
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difference. Furthermore, a feature that is often observed in pilot campaigns using
MEA is that after stable operation for a certain amount of time, a sudden and rapid
increase in degradation product formation and concentration of dissolved metals
occurs (Dhingra et al., 2017; Rieder and Unterberger, 2013). What causes this abrupt
spike in degradation rate has not yet been fully understood and prediction of when it
will take place is therefore not possible. This effect has also been seen in laboratory-
scale studies and it is therefore commonly assumed that dissolved iron and other
metals catalyse the oxidative amine degradation in the absorption process also in
pilot-scale (Bello and Idem, 2005; Chi and Rochelle, 2002; Léonard et al., 2014;
Strazisar et al., 2003). Furthermore, certain degradation products also affect corrosion
rates both positively and negatively, as they can act as chelators or inhibit the build-
up of a protective film on the metal surface of the plant (Kohl and Nielsen, 1997;
Tanthapanichakoon et al., 2006).

The identification of high concentrations of typical primary oxidative degradation
products (formed in the first stages of degradation) in solvents used in pilots with real
flue gas has shown that oxidative degradation indeed is a dominant degradation
mechanism in the absorption process (Vega et al., 2014). Typical concentrations of
oxygen in the flue gas is generally between 4 and 15% and lower in flue gases
originating from coal-fired power plants than gas-fired power plants. Since the
solvent has direct contact with the flue gas oxygen in the absorber and since the
solubility of oxygen decreases with increasing temperature, the concentration of
dissolved oxygen is the highest in the absorber and the absorber sump. Oxidative
degradation is therefore assumed to primarily take place here, although the elevated
temperatures in the rich solution also could increase the reactivity despite of low
oxygen concentrations (Chi and Rochelle, 2002).

Thermal degradation primarily takes place during the solvent regeneration, at
elevated temperatures and in the presence of CO; (Davis and Rochelle, 2009).
Products of the thermal degradation process, as well as some of the oxidative
degradation products, are often more volatile than the amines themselves and are
likely to evaporate in the absorber. This increases the chance of emission to the
atmosphere together with the purified flue gas, unless emission reduction
technologies are in place (Rochelle, 2012).

There are well known methods to reduce degradation. Flue gas pretreatment
technologies, removing impurities such as SOx and NOx gases, as well as particulate
matter such as fly ash are implemented to some extent in most pilot campaigns.
Methods such as "Bleed and Feed", removal of a part of the degraded solvent and
refilling with fresh solvent throughout the process, have recently been thoroughly
tested without success (Moser et al., 2020). Apart from the "Bleed and Feed", solvent
reclaiming is often used to limit the amount of makeup solvent and maintaining the
operation.
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The purpose of this review is to summarise available data from pilot tests using amine
solvents for post-combustion CO; capture and real flue gas or industrial gases. It
covers traditional bench-mark amine 30wt% MEA as well as new amines and amine
blends proposed for post-combustion CO, capture. The emphasis will be put on
solvent stability, emissions and corrosion and how these aspects are monitored, and
the three concepts are seen in light of one another. The review aims to be of help for
future pilot campaigns and how these concepts can and should be monitored.
Although a large number pilots and campaigns for post-combustion capture of CO-
exist (Idem et al., 2015) and have taken place, those from which reported solvent
stability or emission data are not available, are also not included here. Furthermore,
most of the data given originates from journal papers and conference proceedings,
but to give a complete picture and overview of the pilot plants and campaigns as
possible, some of the given data has been found in conference presentations. The
campaigns included have also been limited to the latest decade, to provide up-to-date
information about current developments and trends.

2 Overview of Pilot plants and campaigns

Table 3.1 lists the pilot plants included in this review. Most of the pilots use a slip-
stream of the flue gas from power plants or industrial sources. Furthermore, the table
includes only pilot plants where data for emissions or degradation has been published.
A more extensive overview of pilots and demonstration plants for post-combustion
CO; capture can be found elsewhere (Cousins et al., 2016; Idem et al., 2015).

As expected, the CO; capture capacity correlates with the absorber diameter, so that
the pilot with the smallest absorption capacity (kg CO, h) also has the smallest
absorber diameter. The absorber packing heights vary from 3 meters to 24 meters.
Most of the plants have at least one water wash section on the top of the absorber to
limit the emissions of volatile solvent components and degradation compounds.

Table 3.2 presents an overview of the gas compositions of the pilot campaigns
included in this study. It also shows the gas pretreatment performed before the amine
scrubbing. Altogether 19 different flue gas sources were studied, of which 16
originated from coal-fired power plants. The concentrations of CO- are between 11
and 14 vol% (dry) for coal-fired power plants, whereas for gas burners, it is typically
lower. Pilot campaigns performed in connection to the cement industry have to deal
with CO; concentrations up to 18 vol%. The pilot plant at Tiller in Norway, receives
flue gas from a propane burner, and the gas can be diluted with air or CO- to simulate
different industrial cases. Technology Centre Mongstad DA (TCM) has a possibility
to use a slip-stream from natural gas-fired combined heat and power plant (CHP) or
a slip-stream from residual fluidised cracker unit (RFCC). Similarly, the National
Carbon Capture Center (NCCC) in Alabama, USA, has two available gas streams for
solvent testing, one coal, and one simulated natural gas stream. Therefore, gas streams
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of both TCM and NCCC vary in their concentrations of H,0, CO;,, O, NOx and SO,
depending on the choice of flue gas source. The Mobile Test Unit (MTU), built and
operated by Aker Solutions, has been used at three different test locations in Norway,
Scotland and the USA, two with coal-derived flue gas and one time with CHP flue
gas at TCM, where degradation data is available from the first two.

In spite of this being a review focusing on pilot scale studies using real flue gas, some
additional studies using synthetic flue gas have been included in the evaluation of
how amine solvents degrade. These campaigns are given separately in Table 3.11,
and have been included because of their extensive analytical work, giving interesting
insights on solvent stability, to support trends or shed light on topics included in the
discussion.

2.1 Pretreatment technologies

As mentioned in the introduction, removal of contaminants before the CO, capture
process, limits the possibility of unwanted side reactions of the amine solvent taking
place, leading to solvent degradation and deterioration of the overall process
performance. The need for pretreatment varies with the type of flue gas, which
contaminants it typically contains and in which concentrations they are present, it also
depends on the solvent itself. As some of these contaminants are causes of respiratory
problems and of environmental concern, systems for removal of these from flue gas
have been in use for half a century already. As shown in Table 3.2, in most of the
pilot locations at least some pretreatment is used. Here, we separate the contaminants
into three categories: particulate matter (ash, soot and catalyst fines), NOx and
S02/SOx, and treatment technologies for each category will be briefly presented
below (Meuleman et al., 2016).

Particulate matter is usually removed by wet or dry electrostatic precipitation (ESP).
The ESP applies a negative charge to the particulate matter, facilitating their
attachment to a positively charge electrode. The dry ESP then removes the
particulates from the electrode by mechanical or magnetic impact whereas the wet
ESP uses a water wash. It is also possible to apply a filter for the removal of particles.
Pressure drops when particulates start accumulating in the filter and this limitation
weighs against the otherwise high removal efficiencies (>99.95%) and simplicity of
the method (Meuleman et al., 2016; Nicol, 2013).

NOx gases are typically removed either by selective catalytic reduction (SCR) or a
non-catalytic reduction (SNCR), reducing them to N, and water, where SCR holds
the largest market share. The SCR process takes place at temperatures between 160
and 350 °C, whereas SNCR has a temperature requirement closer to 1000 °C
(Meuleman et al., 2016).
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Table 3.1: An overview of the dimensions of the different pilot plants studied and compared in this
review. Where no numbers are given, the dimensions could not be found in literature.

= E
Kt — =
j=2]
2 % E 2
g = g =
- e g
3 8 8 @
o 5 he] o
. S = @ @
Pilot plant 3 2 -2: g Reference(s)
. (Nakamura et al., 2013; Nakamura et
Aioi Works 830 Y 0.85 15 a1, 2014; Okuno et al., 2017)
(Enaasen et al., 2014; Kamijo et al.,
Brindisi 2500 Y 15 22 2013; Mangiaracina et al., 2014; Rieder
etal., 2017)
(Cousins et al., 2016; Frimpong et al.,
CAER 0.1 MWth 10 01 3.25 2013; Thompson et al., 2014)
CAER 0.7 MWe (Thompson et al., 2017c)
Changchun 100 0.35 8 (Feron et al., 2014)
Esbjerg 1000 Y 11 17 (Knudsen et al., 2009)
Ferrybridge 4167 Y (Fitzgerald et al., 2014)

. (Dhingra et al., 2017; Rieder et al.,
Heilbronn 300 06 23.9 2017; Rieder and Unterberger, 2013)
Lasziska Y 0.33 8.4  (Spietzetal., 2018)

(Artanto et al., 2012; Dhingra et al.,
Loy Yang 20 0.21 27 2017; Reynolds et al., 2015a)
(Dhingra et al., 2017; Khakharia et al.,
Maasviakte 250 Y 0.65 8 2015a; Rieder et al.,, 2017)
Mikawa 420 Y 15 (Saito et al., 2014; Saito et al., 2015)
(Bade et al., 2014; da Silva et al., 2012;
MTU 180 Y 0.4 18  de Koeijer et al., 2011; Morton et al.,
2013)
NCCC various Y 0.64 6 (Brown et al., 2017; Gao et al., 2019)
. (Moser et al., 2011a; Moser et al.,
Niederaussem 300 Y 2011b)
Tarong 100 0.35 7.14 (Cousinetal., 2012)
(Brigman et al., 2014; de Koeijer et al.,
TCM 5200 Y 3.5%2 12-24 2011; Gorset et al., 2014; Morken et
al., 2017)
Tiller 50 Y 0.2 19.5 (Mejdell et al., 2011)
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Table 3.2: A summary of the flue gas sources and compositions at different locations, where post-

combustion CO2 capture campaigns have been performed. SR

removal.

SOx removal, NR: NOx, PR: particle

Further details on pretreatment can be found in the appendix, Supplementary table 3.1.
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S0./SOx gas is not just a contaminant deriving from the combustion process itself,
but is also formed when sulphur components pass through a NOx-removal unit. It is
even occasionally added to the ESP for reducing the resistivity of the fly ash.
S02/SOx can be removed in a wet flue gas desulphurisation (WFGD) unit, where the
acidic nature of SOx allows it to be scrubbed out by an alkaline lime stone (CaCO3)
solution. There are also dry or semi-dry FGD systems available, relying on dry
alkaline sorbents, but the WFGD systems have approximately 84% of the market.
The FGD step has the additional benefit of removing chloride from the flue gas,
washing it out with the sulphur loaded lime stone (Meuleman et al., 2016; Zhu, 2010).

3. Analytical methods used in pilot campaigns

In amine-based post-combustion CO,-capture, one of the main challenges is solvent
degradation (Rochelle et al., 2001), which requires a reliable solvent monitoring
strategy. The main goal of this monitoring is often to quantify the concentration of
the intact starting amines. In laboratory scale experiments, knowing the change in
amine concentration over time allows assessment of the stability of the solvent
system. However, in pilot scale, where the amines chosen are often relatively stable,
the amine concentration is also measured to ensure that the amine and water
concentrations stay constant. In both cases the analytical method used has to be fast,
accurate, and straightforward (Cuccia et al., 2018).

Another target for the monitoring of the solvents is to identify the degradation
products of the amines. Degradation products are typically categorised into five main
classes: amine derivatives, acids, aldehydes, amides, and nitrosamines. Compared to
the analysis of the starting solvent components, the study of degradation compounds
is a more challenging endeavour (Cuccia et al., 2018). Firstly, many of them have an
unknown structure. Moreover, the high concentration of the starting amine in the
solvent can make it hard to detect degradation compounds that are typically present
at low levels and even at trace amounts (da Silva et al., 2012). There are multiple
analytical methods to choose from when analysing these species, with different
advantages and disadvantages. When choosing an analytical method, nature of the
compounds, matrix and concentration ranges of the analytes must be regarded.
Dissolved metal species can also be found in the solvents and these are measured to
monitor corrosion. Lastly, there are many monitoring technologies for gaseous
emission (Kolderup et al.). Moreover, a large number of publications studying aerosol
formation mechanisms, as well as aerosol reduction technologies, have been
published in the last five years using various analytical methods. The most frequently
used analytical methods during pilot campaigns are described below and an overview
of the methods can be found in Table 3.3.

Titration is a quick tool that can give valuable information of different aspects of a
solvent. In CCS, titration is most commonly used to find total alkalinity, the CO,-
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loading and amounts of heat stable salts (HSS). Total alkalinity is a measurement of
the total concentration of base in a solution. It is determined by titrating a basic
solution with an acid (e.g., sulphuric or hydrochloric) until the equivalence point, at
which the base is neutralised, is reached. (Somridhivej and Boyd, 2016)

This method is a quick and inexpensive way of getting an estimate of amine
concentration, and thus an easy way of gaining insight into the stability of the amine
(Matin et al., 2012). It is, however, important to differentiate between the actual
concentration of the starting amine and the total alkalinity as some degradation
products are alkaline. Therefore, the result from a total alkalinity measurement
incorporates the concentration of the starting amine, as well as possible alkaline
degradation products that also have CO; binding abilities.

Titration used to find CO,-loading or HSS concentration works in a similar way as
that of the total alkalinity measurements. The difference is that bases are used instead
of an acid and the solutions have to be pretreated before the titration. For CO,-loading
measurements, the CO- in the solution is first extracted using BaCl,, before titration
with NaOH (Hilliard, 2008). To get the HSS concentration, the solution is first treated
with a cation exchange resin and then titrated with a base (Aronu et al., 2014;
Reynolds et al., 2015a). Both of these methods are more time-consuming than the
total alkalinity measurement. Nevertheless, if other, more expensive, analytical
techniques are unavailable, these two methods can be a less costly alternative that
provide important information.

Liquid Chromatography — Mass Spectroscopy (LC-MS) is an analytical method used
to separate molecules based on their chemical and physical properties. The liquid
sample passes through an LC-column, and the different species separate as a result of
their varying affinity towards a stationary phase in the column. The mass
spectrometer ionises the compounds, and a magnetic field separates the ions based on
their mass-to-charge ratio (Lundanes et al., 2013). There are multiple additions that
can be included, like an additional step for compound separation. An example of this
is QTOF (quad time of flight).

LC-MS is a common choice for both quantitative and qualitative analysis of
degradation compounds, as this technique can analyse most of the classes of
degradation compounds (amine derivatives, acids, amides, and nitrous amines)
(Chahen et al., 2016; Cuzuel et al., 2014; Vevelstad et al., 2013). In the quantitative
analysis, the remaining concentration of starting amine can be determined with high
accuracy using an internal standard. Known degradation compounds can also be
quantified, if internal standards are available and their application can also allow for
gualitative analysis to identify unknown degradation products (da Silva et al., 2012;
Lepaumier et al., 2011). An approach for identifying and semi-quantifying
degradation compounds using TOF-MS has been described (Thompson et al., 2017b;
Thompson et al., 2017c).
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There are some disadvantages to the LC-MS technique. The equipment and
maintenance are very costly and require skilled operators. It is, therefore, seldom
found on site, which can give rise to challenges regarding the stability of the samples.
However, published data on reanalysing samples have shown a good agreement
between the analysed samples right after experiments and one month later (Knuutila
et al., 2014b). There is also no library with which to compare any unknown peaks
(Lepaumier et al., 2011). Identification of unknown peaks in the degraded mixtures
will, therefore, start with the prediction of potential degradation compounds based on
chemistry, after which deuterated standards will be purchased. These can be
expensive, and in some cases, they are even not commercially available (da Silva et
al., 2012).

lon Chromatography (IC) is a sub-category of liquid chromatography, and a useful
method for analysing ionic species. Since many degradation products are known to
have ionic properties, the IC is well-suited for amine degradation studies (Wang and
Jens, 2012). Similar to normal liquid chromatography, the separation of the species
occurs due to their different affinity to a stationary phase; in IC this difference is
caused by the species different columbic interaction with the ion-exchanger
(Lundanes et al., 2013).

There are two types of ion chromatography, namely anion-exchange and cation-
exchange (Lundanes et al., 2013). Anion-exchange is commonly used to analyse for
degradation products in anionic forms, such as carboxylates, nitrate, and nitrite
(Kadnar and Rieder, 1995; Wang and Jens, 2012). It is also one of the most described
methods for analysing the total amide content by converting the amides to their
corresponding carboxylic acid through amide hydrolysis (Freeman, 2011; Sexton,
2008). The generated carboxylic acids can then be analysed with the anion-exchange,
and the surplus of carboxylic acids presents the carbamate concentration. Cation-
exchange, on the other hand, is commonly used to quantify solvent amines, as well
as to identify and to quantify amine degradation products, like alkyl amines, in the
form of heat stable salts (da Silva et al., 2012; Moser et al., 2020; Reynolds et al.,
2015b; Thompson et al., 2014). Quantitative IC-analysis requires chemical standards.

IC is a relatively inexpensive analytical method. Compared to LC-MS, the equipment
is cheaper and requires less maintenance. Furthermore, the implementation is also
somewhat more straightforward, as dilution is the only sample preparation needed
(Cuccia et al., 2018). The limitation of the IC method is that non-ionic compounds
cannot be analysed. Therefore, IC is often used in combination with other analytical
methods. The IC instrumentation requires both regular use and maintenance to deliver
reliable results.

Gas Chromatography — Mass Spectroscopy (GC-MS) works similarly as LC-MS,
but as the name implies, the analysis occurs in a gas phase. GC-MS can be used both
for quantitative analyses as well as to identify some degradation products (Wang and
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Jens, 2012). However, only compounds that have boiling points below 300-500 °C,
can be analysed. At the same time, the analytes also have to be stable at these high
temperatures. This limits the number of degradation compounds that can be analysed.

On the other hand, very high-quality spectra can be achieved as the gaseous eluate
allows for the solvent to be removed before entering the MS and as the analytes are
easily ionisable in the gas phase. An extensive library of various pure compounds is
available, and any unknown spectra can be compared to the library (Lepaumier etal.,
2011). The existence of this library is one of the main advantages for this method.

Fourier Transform Infrared Spectroscopy (FT-IR) is a method that utilises
molecular bonds’ ability to oscillate when exposed to infrared radiation. In principle,
FT-IR allows for the simultaneous analysis of up to 50 compounds with a low
detection limit (~1 ppm). FT-IR can be used both for analyses of the liquid and gas
phases. However, in aqueous solvent solutions, the detection of degradation
compounds is challenging, if not impossible, due to low concentrations of
degradation compounds, complex chemical matrix, as well as the high concentrations
of amine and water (Cuccia et al., 2018; Macbride et al., 1997).

FT-IR is mostly employed as a gas phase on-line analytical method. The method is
mostly used to monitor gas effluents, e.g., NOx, SOx, CO, and CO-, and to quantify
amines (like Pz, MEA, MDEA and ammonia) present in the gas leaving the
absorber/water wash (Bade et al., 2014; Khakharia et al., 2013; Knudsen et al., 2013;
Knudsen et al., 2014; Mertens et al., 2012). FT-IR can also be used to quantify
aldehydes (formaldehyde and acetaldehydes).The advantage of applying on-line FT-
IR is that the only preconditioning needed is heating the gas sample to prevent
condensation. However, work should be done to ensure that the heating does not
induce further thermal degradation of the amine. The ability to detect aldehydes is an
essential advantage for this method, as other analytical methods are often limited in
this regard.

FT-IR can also be used to analyse the liquid phase. Here, FT-IR together with
Attenuated Total Reflectance (ATR) is typically used to monitor the loading and
solvent amine concentrations in the solvent loop. When specific degradation
compounds are found in high enough concentrations, they can also be quantified and
monitored. The main challenge is that degradation compounds will change the
spectra, and the results will become more inaccurate overtime, requiring calibration
with degraded solvent (Grimstvedt et al., 2019). In recent years, method, where FT-
IR with ATR is used to analyse the speciation in the solvent has also been developed
(Diab et al., 2012; Richner and Puxty, 2012).

Proton-Transfer Reaction Mass Spectroscopy (PTR-MS) is a technique used for
online measurement of volatile organic compounds (VOCs) in a gas-stream. In the
PTR-MS instrument, gas-phase VOCs are ionised as a proton is transferred from an
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ion reagent, typically HsO*, to the sample molecules. The ionised molecules are then
mass analysed in the MS-part of the equipment (Hansel et al., 1995). For the proton
transfer to take place, the analysed molecules must have higher proton affinity than
water. This gives some restrictions to which compounds can be analysed. To
overcome this, instruments have in later years been modified to be able to switch
between H;O+ and for example NO™ as reagent ions, which has increased the amount
of detectable compounds (Jordan et al., 2009).

The PTR-MS can give both quantitative and qualitative measurement results. One of
the main advantages of this method is that neither gas standards, nor calibration for
different gases, are necessary to get a precise quantification of the different species.
Another advantage is the outstanding detection sensitivity of this method. The
detection limit varies for different apparatuses, but it is typically in the pptV range
(Lindinger et al., 1998). A drawback in this regard is that there is a maximum
measurable concentration limit. The equations that are used in the analysis are based
on the assumption that the decrease of reagent ions can be neglected. With a
concentration at about 10 ppmV and up, this no longer holds and the results will be
incorrect. A solution is to dilute the gas with air.

Inductively Coupled Plasma Mass Spectroscopy/Optical Emission Spectroscopy
(ICP-MS/-OES) are elemental analytical techniques, which enables detection of most
atoms at ppm levels. This is done by atomising and ionising the molecules in the
studied mixture by passing it through an inductively heated plasma, often argon
(Sheppard et al., 1990). Using an ICP-MS instrument, the atomic ions that are created
are then analysed with MS. The ICP-OES uses the fact that some of the atoms/ions
that are created are also excited. The intensity of the radiation is proportional with the
concentration of each atom, and so this technique can be used for both quantitative
and qualitative analysis (Thomas, 2013).

These techniques demand sample preparation, where one usually has to add an
internal standard, primarily deionised water with nitric or hydrochloric acid. The
drawback is that the equipment is expensive, and the analysis has a high operation
cost because it employs argon gas (Todoli and Mermet, 2011). In the field of CCS,
this technique is used to monitor the amounts of trace metals in solutions. This give
an indication of corrosivity of the studied solvent. It should be noted that the method
has not been validated. ICP-MS can also be used for measuring the total amount of
carbon in a solution, but this is not widely used in the field of CCS.

Total Organic Carbon (TOC) analyser can measure amounts of carbon in a solution.
It has different modes and can also be used for analysis of the total amount of
inorganic carbon (IC), total carbon (TC) and total nitrogen (TN). In the field of CCS,
it is often used to measure amount of CO- in a liquid sample (Bernhardsen et al.,
2019; Knudsen et al., 2014).
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The analyses happens over three steps, namely acidification, oxidation, and non-
dispersive infrared (NDIR) detection. In the acidification step, acid is added, which
then converts all bicarbonate and carbonate ions to carbon dioxide. The measurement
of the resulting gas gives the amount of IC in the sample, corresponding to the CO,
loading. Catalytic combustion oxidises all carbon in the sample to CO-, so that this
also can be quantified by NDIR. Other oxidation processes are also available for the
quantification of organic carbon (Shimadzu, 2014).

Fast Mobility Particle Sizer (FMPS) is a fast response technique, enabling rapid
detection of particle size distribution of aerosols. The gas-streams carrying aerosols
is let into the FMPS and through a cyclone that removes particles bigger than 1 pm.
The aerosols then continues through a region, in which they are charged with a known
charge. The positively charged particles are then separated in an electric field based
on their diameter and charge-state. The size distribution is measured in 32 channels,
ranging from 5.6 to 560 nm (Jeong and Evans, 2009; Levin et al., 2015).
Disadvantages of this technique is that it is not very robust in very demanding
industrial surroundings (Kero and Jgrgensen, 2016).

Optical Particle Counter (OPC) is an online measuring technique that is used to find
aerosol size distribution and total particle number. In the OPC, particles are passed
through a laser-light, which results in scattering of this light. The scattering is then
classified and this gives a size spectrum (Burkart et al., 2010). OPCs can detect
particles as small as 50 nm in diameter, and for smaller particles than this is simply
not detected. Particles with a diameter of several hundred pum can also be detected,
though not with the same instrument. If the particle size exceeds the detection limit
for a certain instrument, it will simply be counted as the maximum diameter (Eliasson
et al., 2016; Welker, 2012). A drawback of this method is that properties of the
aerosols, such as density, shape, refractive index and absorption, is not accounted for
(Welker, 2012).

Scanning Electron Microscope with Energy Dispersive X-ray Microanalysis
(SEM/EDX) is an elemental microanalysis technique. The SEM part of the
instrument is a microscope that can magnify from about 10 to 3 000 000 times. It is
an offline method, so samples must first be collected from for example filters or films
(Byers et al., 1971; Li and Shao, 2009). The surface of your sample is scanned with
a focused beam of electrons. These electrons react with the atoms in the sample,
resulting in various signals. The detection of these by SEM and by EDX can map out
both the composition and the topography of the sample surface (Goldstein et al.,
2017; Newbury and Ritchie, 2013). The resulting SEM image is quite analogous to
normal vision (Byers et al., 1971), and the resulting image can give the structure, the
size and the composition of solids in the aerosol particles. It can also be processed
with different approaches to give size distribution (Brostrem et al., 2020; Goldstein
etal., 2017; Moser et al., 2017; Sun et al., 2012).
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Electron Low Pressure Impactor (ELPI+) is a real-time particle detection technique,
which combines electrical detection of charged particles and a 15-stage cascade
impactor. When the aerosol enters the ELPI+, a unipolar diffusion charger first
charges the particles of the aerosol. The unipolarly charged particles are then
deposited in the various impactor stages depending on their aerodynamic size. In the
impactor stages, electrometers are used to measure signals from the charged particles,
which can then be converted to particle size distribution. In the end, this measurement
gives particle number concentration and size distribution in real-time. The particle
size distribution ranges from 6 nm to 10 um (Jéarvinen et al., 2014; Lamminen, 2011).

Iso-kinetic sampling using impingers is the most common way of manual sampling
of emissions (Bade et al., 2014; Gjernes et al., 2017; Lombardo et al., 2017; Mertens
etal., 2012; Mertens et al., 2013; Morken et al., 2014; Morken et al., 2017). Typically,
multiple impingers are installed in series to avoid breakthrough. The first impinger is
often empty, whereas in the following impingers different absorbents, like dilute
sulphuric acid or 2,4-dinitrophenylhydrazine (DNPH), are used. Sulphuric acid is
often used for collection ammonia and amine samples, while 2/4-
dinitrophenylhydrazine is used to sample acetaldehyde and formaldehyde (Bade et
al., 2014; Mertens et al., 2012; Mertens et al., 2013). A good overview of standard
methods for manual sampling, mainly developed for monitoring of the working
environment, can be found elsewhere (Azzi et al., 2010; SEPA, 2015; Wittgens et al.,
2010). A disadvantage of the iso-kinetic sampling is that it is a offline method, used
periodically. FTIR, discussed earlier, is therefore often used to continuously monitor
amine and ammonia emissions in the gas phase.

4 Results

4.1 Solvent Stability and Corrosion

Both oxidative and thermal degradation may take place with the carbamates formed
in a reversible reaction between amine and CO.. In the case of thermal degradation
the mechanism often goes through carbamate polymerisation reactions (Davis and
Rochelle, 2009; Lepaumier et al., 2009a; Rochelle, 2012). Oxidative degradation
mechanisms, which are widely studied but extremely complex and therefore less
understood, are assumed to start with radical reactions on the amine or carbamate.
Once the reactions have initiated and primary degradation compounds are formed,
these can react further with other degradation compounds, carbamates and amine in
the solution to form secondary degradation compounds (Bello and Idem, 2005; Eide-
Haugmo et al., 2011; Lepaumier et al., 2009a). These reactions are catalysed by the
presence of dissolved metals in the aqueous amine solvent (Blachly and Ravner,
1963; Goff, 2005). The chemical structure of some typical degradation compounds
identified and/or quantified in pilot plant and lab scale studies can be found in the
appendix, in Supplementary table 3.3.
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A total of 29 individual campaigns in 18 different pilot plants, where solvent
degradation was studied, were found. 30wt% MEA (ag.) was used in 19 of these
(Table 3.4) and 10 were campaigns testing proprietary or other amine solvents (Table
3.5). A total of about 40 different compounds or compound groups were found
measured in the liquid phase of the different campaigns, some just once, while others
reoccur in several studies. A summary of the most frequently occurring liquid phase
degradation components, as well as in which campaigns they have been analysed, can
be found in Table 3.3 for campaigns using 30wt% MEA (ag.) and Table 3.4 for other,
including proprietary, solvents.

Despite of pretreating the flue gas to remove reactive contaminants, amine
degradation does take place in large scale CO; capture. This is sometimes a terminal
problem, resulting in the need for solvent replacement and interrupted operation.
Some technologies are being studied, to limit degradation after it has began to take
place, such as solvent reclaiming, removing irreversibly formed heat stable salts.
Reclaiming technologies aim to keep as much of the non-degraded amine as possible
and only remove formed contaminants from the solvent. Reclaiming can typically be
either thermal, by ion exchange or through electrodialysis and may be performed on-
or offline (Kentish, 2016; Wang et al., 2015). The "Bleed and Feed" strategy involves
the removal of parts of the degraded solvent and replacing it with fresh solvent (Moser
et al., 2020). If any known degradation limiting technologies have been applied
throughout the campaign, this is also given in Table 3.4.

Table 3.4: List of all the 30wt% MEA (aq.) campaigns studied in this review.

Location Time [h] Remarks Campaign focus References
Assessment of different
0 orsounis e el o
added during campaign. L Mangiaracina et al.
s : 3 guidelines with relevant g
Brindisi 550 Typically, 1 mg my~ of data on emissions. HSE (2014); (Rieder et
particulate matter at d oth b'I" ' al, 2017)
inlet and other operability,
’ flexibility, and cost
aspects.
Comparison of MEA
CAER 0.1 MWith 100 30wt°_/o and the (Thompson et al.,
proprietary solvent 2014)
CAER B2
Understand the impact
on the solvent of flue gas  (Thompson et al.,
Thermal reclaiming was  constituents and 2017a; Thompson
CAER 0.7 MWe 1316 performed from 880 to potential higher oxygen etal., 2017c;
970 hours. content in the solvent Thompson et al.,
due to secondary air 2017d)
stripper
Performance trials; .
Changchun 1063 comparison with (Feron etal., 2015;

different solvent blends

Feron et al., 2014)
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Location Time [h] Remarks Campaign focus References
Demonstrate the post
combustion
Samples analysed after capture technology in
500 hours. Solvent partly  conjunction (Dhingra et al.,
Esbjerg (a) 6000 degraded before start with a coal-fired power 2017; Knudsen et
(0.5wt% HSS content). 6 station. Comparison with  al., 2009)
ppm S in flue gas. CASTOR 2, additionally
comparing sulphur
accumulation properties.
Samples from 1850 .
Esbjerg (b) 3360 hours (11 weeks) studied ~ Test campaign (dasSilvaetal,
: . 2012)
in degradation study.
Benchmarking with
MEA, before testing of a
proprietary solvent.
. Assessment of solvent (Fitzgerald et al.,
Ferrybridge >600 durability, perform 2014)
process optimisation and
to provide data on plant
design and scale-up.
Benchmarking (Dhingra et al.,
Heilbronn (a) 1600 Campaign in 2011. campaidn 2017; Rieder and
paign. Unterberger, 2013)
760 kg MEA added after
952 hours, water added Establish guidelines with
at end, reducing the relevant data on
MEA concentration to emissions, HSE, and (Bazhenov et al.,
. ~25wt%. Concentrations  other operability, 2015; Bazhenov et
Heilbronn (b) 1500 of degradation products flexibility, and cost al., 2014; Rieder et
given here are from aspects. ED reclaiming al., 2017)
sampling at 535 hours. tests performed offline,
Campaign took place in with degraded solution.
2013/14.
Reclaiming after 3 .
Longannet, MTU Ca. 4400 months, total time 6 (z%ig)llva etal.,
months
MEA pre-used 639 or
700 hours, for capture of  Performance trials; (Artapto et al.,
. ] 2012; Dhingra et
Loy Yang 834 CO2 from a black coal- comparison with .
" - al., 2017; Reynolds
fired power plant different solvent blends
etal., 2015b)
(Tarong).
Study corrosion in .
. ; (Dhingraetal.,
Maasvlakte (a) 3500 Reclaimed after 3000 relation t_o solvent 2017: Khakharia et
hours degradation and
L L al., 2015a)
ammonia emissions.
Establish guidelines with
relevant data on
emissions, HSE, and (Rieder et al.,
Maasvlakte (b) 890 other operability, 2017)

flexibility, and cost
aspects.

65



Location

Time [h]

Remarks

Campaign focus

References

Niederaussem (a)

Niederaussem (b)

Niederaussem (c)

TCM (a)

TCM (b)

Tiller

5000

12 000

13 000

2162

2000

2350

Campaign duration
20.11.13-24.02.14

Reclaimed after 1852

hours

Performance validation
and investigation of
time-dependence of
MEA degradation and
organic acid formation.
Test of optimised
process configurations.

Study solvent
degradation

Study time-dependent
degradation products and
trace components and
how they can act as
catalysts for degradation.
Confirm threshold
concentrations of iron
from literature. Testing
of "Bleed and Feed" as a
degradation management
strategy.

Verify Aker Solutions’
Advanced Carbon
Capture® process
including two
proprietary advanced
amine solvents

Demonstrate and
document the
performance of the TCM
DA Amine Plant

Benchmarking campaign

(Moser et al.,
2011a)

(Moser et al., 2018)

(Moser et al., 2020)

(Gorset et al.,
2014; Morken et
al., 2014)

(Morken et al.,
2017)

(da Silvaetal.,
2012; Mejdell et
al., 2011)

Formate, as well as other organic acids, have long been regarded as primary indicators
of oxidative degradation in the liquid phase and are therefore among the most
reported degradation compounds of MEA degradation. Of the 19 campaigns shown
in Table 3.6, formate is quantified in nearly two thirds, and half of the campaigns also
analysed for oxalate. These two as well as acetate and glycolate, are formed in the
first steps of the degradation process by electron or hydrogen abstraction before they
react with the amine or other degradation products to form other degradation
compounds (Rooney et al., 1998).
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Table 3.5: List of all the campaigns using proprietary or other solvents than MEA 30wt% (aq.) studied
in this review.

Location Time [h]  Solvent Remarks Reference(s)

Austin 8m PZ (Nielsen et al., 2013)
(Thompson et al.,

CAER 0.1 MWth 185 CAER B2 2014)

Changchun 306 blend 5 (Feron et al., 2014)

Sampling after 500 h,

Esbjerg 1000 CASTOR 2 stripper pressure 2.0 bar (Knudsen et al., 2009)
. : (Fitzgerald et al.,
Ferrybridge >600 RS-2® 2014)
. 40wt% .
Laziska AEEA? (Spietz et al., 2018)
. Sterically hindered, (Saito et al., 2014;

Mikawa 840 Solvent A secondary amine Saito et al., 2015)

Mikawa 740 TS-1 (Saito et al., 2014)
03.10.12-01.04.13,

TCM 4029 S21 Reclaiming after 3600 (Gorset et al., 2014)
hours
03.03.14-16.08.14,

TCM 3507 S26 Reclaiming after 3300 (Gorset et al., 2014)

hours

A summary of reported concentrations of organic acids can be seen in Figure 1, as
well as total concentration of other (in some cases unknown) HSS, where that has
been reported. One MEA-campaign from the 0.1 MWth CAER pilot (Thompson et
al., 2014) of only 100 hours and one campaign from the Esbjerg pilot (Knudsen et al.,
2009) of unclear total operation time prior to HSS analysis, were omitted. Figure 1
shows a large span in the concentrations of heat stable salts found in various 30wt%
MEA (ag.) campaigns when normalised per time in operation. Normalisation of this
data does not give a complete picture of the degradation processes and may not be an
ideal way of comparing different pilot campaigns and locations to one another, but it
gives a visual representation of the degradation compounds observed. Surprisingly,
one of the highest HSS concentrations is actually found in the shortest campaigns. A
correlation between the amount of pretreatment technologies applied prior to CO-
removal is apparent, when comparing Figure 1 with Table 2. A summary of the flue
gas sources and compositions at different locations, where post-combustion CO-
capture campaigns have been performed. SR: SOx removal, NR: NOx, PR: particle
removal. Further details on pretreatment can be found in the appendix, Table S3.1.
Esbjerg, Heilbronn and Niederaussem all operate with coal as their flue gas sources
and have an extensive pretreatment setup. TCM also observe relatively low
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concentrations of HSS. The flue gas originates from sources with less contaminants
and the degradation here is comparable to pretreated flues gas from coal-fired power
plants.

18000 ® Acetate
— % Formate
"E 16000 B Glycolate
§ 14000 # Oxalate
"_:,‘ 12000 Other/unknown HSS
)
4 10000
on
'g‘ 8000
q E:
% 6000 %
£ .
S 4000 %
g / .
< 2000 / = e
» X * A D @O
S
& & & < © & & &
Q&&Q Q@\io Qja %@ be@ b‘b'@,

ECGI

Figure 3.1: Heat stable salt/organic acid concentrations measured in post-combustion CO2 capture pilot
campaigns using 30wt% MEA, at the end of the campaign or right before reclaiming the solvent.
Concentrations converted to concentration per 1000 hours, to facilitate comparison of different
campaigns and pilots. Keep in mind that where no concentration is given, reported data for the given
compounds is not available. All references are given in Table 3.6. *Mass concentration converted to
mass fraction under the assumption that p =1 kg L.

Furthermore, it can be observed that most campaigns see relatively high
concentrations of organic acids and HSS at the campaign end, or when samples have
been analysed before solvent reclaiming has taken place, but that the ratio between
the four organic acids are inconsistent. Acetate and formate are most often the
dominant degradation product of those analysed, but it varies which one of the two is
found in the highest concentrations. It therefore seems like process conditions play a
very important role for which degradation pathways will take place within the
solvent. The average concentration of liquid phase formate in Figure 3.1 is 2500 mg
kg™ (1000 h)?, whereas acetate, oxalate and glycolate both have an average of 800
and glycolate of 500 mg kg™ (1000 h), respectively. All the compounds previously
discussed are typical products of oxidative degradation. Thermal degradation
products have been reported in many campaigns and include N-(2-hydroxyethyl)-2-
imidazolidione (HEIA), which is a product of a carbamate polymerization reaction,
and 2-(2-hydroxyethylamino)ethanol (HEEDA), which is a product of an addition
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reaction. These degradation compounds are typically seen in lower concentrations
than the oxidative degradation products. Measured concentrations of thermal (HEIA),
as well as secondary oxidative degradation compounds (HEA, HEF, HEI, HEGIy,
HEPO, 0OzD, BHEOX) in MEA-campaigns are summarised in Table 3.8, the
degradation product bicine is also presented here, assumed to be formed upon
oxidation of DEA/MDEA or TEA derivatives (Gouedard et al., 2014; Lepaumier et
al., 2009b). It is evident that secondary oxidative degradation compounds, formed
when primary degradation compounds proceed to react, also occur in relatively high
concentrations, especially HEF, HEGly and HEPO. The average concentrations of
both HEGIy and HEPO are twice that of formate when considering all campaigns,
with about 5000 and 7000 mg kg* (1000 h)?, respectively. This same trend, of much
higher concentrations of HEPO and HEGIy in the solvent than formate, is seen also
in studies with synthetic flue gas (Chahen et al., 2016; Knuutila et al., 2014b).

Thermal degradation compounds tend, however, to occur in lower concentrations.
For example, the concentration of HEEDA are very low and rarely reported, and it
has not been included in this table. The highest reported concentration of HEEDA is
246 mg L%, in one of the MEA 30wt% (aq.) pilot campaigns (Thompson et al.,
2017a). Some pilot campaigns even observe that the concentrations of some thermal
degradation compounds (HEIA and HEEDA) decline after an initial increase,
throughout the operation time, making it apparent that they further react, or degrade
themselves (Moser et al., 2020; Thompson et al., 2017a). A campaign using synthetic
flue gas and 30wt% MEA (aq.), also saw OZD reaching a threshold concentration
after a certain time of operation, and thereafter no further change, despite of the
overall degradation rate sustaining (Chahen et al., 2016). Equally for Pz, thermal
degradation products such as ethylenediamine and N-(hydroxyethyl)-piperazine have
been found to initially increase and then decrease (Nielsen et al., 2013).

Inorganic compounds originating from the flue gas or construction material, like
oxidised metal ions and elementary sulphur, are also found in the degraded solvents.
Keeping track of dissolved metal concentrations allows for a simple assessment of
corrosion of the equipment. The presence of NOx, SO, and chlorine in the flue gas
are the reasons why these are found in the solvent. The accumulation of these species
is likely to influence degradation rates and mechanisms and therefore give valuable
insights about the processes taking place within the degrading solvent. Figure 3.2
shows that there is no immediate correlation between operation time and the
accumulation of iron in the MEA solvent.
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Niederaussem (c)
Niederaussem (b)
Esbjerg (a)*
Niederaussem (a)
Maasvlakte (a)*
Loy Yang*
Heilbronn (a)*
Heilbronn (b)*
Maasvlakte (b)*
CAER 0.7 MWe

<

100 200 300 400 500 600 700
Iron concentration [mg kg (1000 h)™!]

Figure 3.2: Accumulated concentrations of iron during pilot campaigns using MEA 30wt% (aq.). All
references are given in Table 3.6. *Mass concentration in original publication converted to mass fraction
under the assumption that p = 1 kg L.

NOx are known to form nitrosamines with several amine species. Nitrosamines are
toxic already in low concentrations and have therefore been of great concern for the
operation of an amine-based CO, capture process. They are, however, readily
degradable in sunlight (de Koeijer et al., 2013). The formation of nitrosamines in pilot
plants has been a concern, both with NOx present in the flue gas and particularly
when using secondary amines, which are known to be highly prone to the formation
of nitrosamines (Fine, 2015; Knuutila et al., 2014a). A thorough lab-scale pilot test
of addition of NO and NO; to MEA (primary amine) and diethanolamine (DEA,;
secondary amine) showed this, also testing the UV-radiation as a removal technology
(Table 3.11) (Knuutila et al., 2014a; Knuutila et al., 2014b). Where measured, the
concentrations of the nitrosamine NDELA is found in Table 3.8. Other nitrosamines,
which are quantified less often than NDELA in the liquid phase and gas phase
emissions in pilot campaigns are No-HEGIly and NDMA. Morken et al. (2014) found
15 times more No-HEGIly than NDELA, accounting for about half of the total
nitrosamine (TONO) content. This finding indicates that the focus when studying
nitrosamines in the amine solutions may not have been on the right compounds.
Furthermore, a comparative study quantifying nitrosamines in identical solutions, a
large variation in results from different laboratories has been reported (Fraboulet et
al., 2016).
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Table 3.6: An overview of the campaigns, which have studied degradation in MEA 30wt% (aq.) and
which degradation product and dissolved inorganic compound concentrations have been reported. x =
identified and quantified, nd = not detected, t= tentative

5 8 . s 8 g

k| I g 8 &8 g > X < < g

g s £ E 8 € « - u v < e 8 odf 2 « G 3

] 5 8§ 5 2 ¥ W W W W W W T N O W S W o -~ O O ‘S

(6] F <« L O O I T I I I I m O Z2 I o O W o o =2 o
(Mangiaracina et al.,

Brindisi X 2014; Rieder et al.,
2017)

CAER 0.1 MWth x X X X X (Thompsonetal., 2014)
(Thompson et al.,

CAER0.7MWe x X X X X X X X X X X X X X 2017c; Thompson et
al., 2017d)
(Feron et al., 2015;

Changehun X x X Feron et al., 2014)

. (Dhingra et al., 2017;
Esbjerg (a) X X Knudsen et al., 2009)
Esbjerg (b) X X X X X X x nd nd X (da Silva et al., 2012)

(Dhingra et al., 2017;
Heilbronn (a) X X X X X Rieder and
Unterberger, 2013)

. (Bazhenov et al., 2015;
Heilbronn (b) X X X X X X XXX piederet al., 2017)
Longannet, MTU X X X (da Silva et al., 2012)

(Artanto et al., 2012;
Loy Yang X X X X X t x t x x nd x nd Dhingra et al., 2017;

Reynolds et al., 2015b)

(Dhingra et al., 2017;
Maasvlakte (a) X Khakharia et al., 2015a)
Maasvlakte (b) X (Rieder et al., 2017)
Niederaussem () X X X X X (Moser et al., 2011a)
Niederaussem (b) X X X X X (Moser et al., 2018)
Niederaussem (c) X X X X X X X X X X (Moseretal., 2020)

(Gorset et al., 2014;
TCM () X XX Morken et al., 2014)
TCM (b) X X X X X X X X X X X X X X Xx x X X x (Morken etal., 2017)
Tiller X x X x X x x x x x nd (da Silva et al., 2012;

Mejdell et al., 2011)
SUM 8 7 122 4 10 4 7 5 5 5 5 4 7 3 5 3 3 10 7 8 7
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Table 3.7: An overview of the campaigns, which have studied degradation in various solvents (ag.) and
which degradation product and dissolved inorganic compound concentrations have been reported.

Pilot Solvent Degradation comp. Inorganics Reference(s)

Austin 8m PZ Formate, acetate, oxalate + more Cré*, Fe?*, Ni%*, Cu?* (Nielsen et al., 2013)
CAER 0.1 MWth CAER-B2 Total HSS and formate S04 (Thompson et al., 2014)
Esbjerg CASTOR 2 Total HSS S (Knudsen et al., 2009)
Changchun "blend 5" Formate SO (Feron et al., 2015)
TCM S21 Total HSS and TONO (Gorset et al., 2014)
TCM S26 Total HSS and TONO (Gorset et al., 2014)
Mikawa “tertiary solvent A" Formate, acetate and oxalate (Saito et al., 2014)
Mikawa "TS-1" Formate (Saito et al., 2014)

Table 3.8: Measured concentrations of degradation compounds in mg L, which are not inorganic
components nor organic acids, in post-combustion CO2 capture pilot campaigns using 30wt% MEA, at
the end of the campaign or right before reclaiming of the solvent. *Mass fraction in original publication
converted to mass concentration under the assumption that p =1 kg L™.

5 x p

g G T — 5 g g2 o < i g 5

8 g ¢ F 2 ¥ 3z 858 F 2 3 2

CAER 0.7 MWe 4800 1047 <10 1712 (Thompson et al., 2017c)
Esbjerg (b) 500 440 440 7610 2320 (da Silva et al., 2012)
Longannet 8580 160 23 (da Silva et al., 2012)
Loy Yang 2030* 3400* 350*  960* 270* (Reynolds et al., 2015b)
Niederaussem (a) 200* (Moser et al., 2011a)
Niederaussem (c) 96*  380* (Moser et al., 2020)
TCM (a) 4580 5200 2070 8000 11140 150 31 pmol L? (Morken et al., 2014)
TCM (b) 4963 5062 1826 18922 18788 274 82 181 49 62 (Morken etal., 2017)
Tiller 731 721 1758 7295 27691 352 8.7 0.536 32.6 (daSilvaetal, 2012)
Average/1000 h 1321 1505 839 4821 6940 672 131 435 1 32

The reported concentrations of inorganic compounds quantified in the solvent during
pilot campaigns are summarised in Table 3.6 for MEA and Table 3.7 for other amines
and proprietary solvents. Some additional compounds, in addition to those given in
Table 3.3 and Table 3.4, can be found quantified for the campaigns described in da
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Silva et al. (2012), Morken et al. (2017), Thompson et al. (2014), Reynolds et al.
(2015b), Rieder and Unterberger (2013) and Saito et al. (2014). Since these
compounds are not widely analysed and thus cannot not be used in search for general
trends, they are not given here.

Dhingra et al. (2017) already showed that the concentration of dissolved iron in the
30wt% (aqg.) solvent tends to reach a sudden spike over a short period of time in four
different pilot campaigns. It therefore comes as no surprise, that there is no correlation
between operation time and iron concentration in the solvent when studying Figure
3.2. The campaigns at Niederaussem (c) (Moser et al., 2020) and at Maasvlakte (b)
(Rieder et al., 2017) have significantly lower iron concentrations compared to the
seven other campaigns where data is available, despite of at least the pilots in
Maasvlakte, Loy Yang and Esbjerg all being constructed in stainless steel 304/316L
(Dhingra et al., 2017). These numbers indicate that no severe corrosion had taken
place during the campaign. Comparing the seven campaigns with relatively high iron
concentrations, we may still not be able to say much about degradability and
corrosivity of the system, since degradation and corrosivity do not increase linearly,
instead we can expect a rapid spike after corrosion and solvent degradation have
reached a certain level.

Table 3.9: Measured concentrations of inorganic compounds in mg kg, including metals, in post-
combustion CO2 capture pilot campaigns using 30wt% MEA as solvent, at the end of the campaign or
right before reclaiming of the solvent. *Mass concentration in original publication converted to mass
fraction under the assumption that p = 1 kg L.

Campaign Nitrate Sulphate  Chloride Nickel Sulphur Reference(s)
(NOs) (S04) (Cn (Ni) )
CAER 0.1 MWth 720 3400 40 (Thompson et al., 2014)

(Thompson et al., 2017c;

CAER 0.7 MWe 1115* 3640* 193* 28 Thompson et al., 2017d)
Esbjerg (b) 5100* (da Silva et al., 2012)
Heilbronn (a) 150* 370* 10* 180* %gj)er and Unterberger,
Heilbronn (b) 600* 820* 70* (Bazhenov et al., 2014)
Niederaussem (a) 1800 200 100 (Moser et al., 2011a)
Niederaussem (b) 270 85 8300 20 (Moser et al., 2018)
Niederaussem (c) 2200 800 83 0 200 (Moser et al., 2020)
TCM (b) 1173* 70% (Morken et al., 2017)

73



When comparing the degradation of the proprietary solvents in Table 3.10, specific
characteristics of the solvent have to be compared to MEA. Formed degradation
compounds are solvent specific, making it impossible to compare solvents of
unknown amines to any benchmark by comparing single degradation components.
However, the formation of HSS over time makes an interesting comparison since total
HSS -measurement takes into account all different HSS compounds that are present.
For example, HSS formation rate appears to be halved with CAER-B2 compared to
30wt% MEA (ag.) under the same conditions in a 0.1 MWth pilot plant (Thompson
et al., 2014), whereas when CASTOR-2 is compared to 30wt% MEA (aqg.), it is
reduced to a fourth (Knudsen et al., 2009). In "Blend 5" tested at Changchun, the HSS
formation rate is more or less the same as for 30wt% MEA (aq.) (Feron et al., 2015).
It should be remembered that comparing total HSS, or solvent make-up-rate,
discussed earlier, does not tell anything about the formation of potentially toxic
degradation compounds or the formation of volatile degradation products, which can
have a huge effect on the design of emission countermeasures and monitoring
emissions. A detailed understanding of the degradation compounds formed for all
amines is always needed.

Table 3.10: Accumulated concentrations of degradation compounds and sulphate during pilot campaigns
using other solvents and blends than MEA 30wt%. *Mass concentration in original publication
converted to mass fraction under the assumption that p = 1 kg L. **Sum of formate, oxalate and acetate.

Pilot Solvent HSS Formate  Sulfate (SO,?) Reference(s)
[mg kg™ (1000 h)*] [mg kg™] [mg kg]

Austin 8m Pz 5648** 3273 (Nielsen et al., 2013)

CAER 0.1 MWth CAER-B2 22162 1694 2929 gg‘i;“pson etal.

Changchun Blend 5 4085 215 980 (Feron et al., 2015)
. 3 (Knudsen et al.,

Esbjerg CASTOR-2 4000 2009)

Mikawa Tertiary solvent A 313* 5% (Saito et al., 2014)

Mikawa TS-1 644* (Saito et al., 2014)

TCM S21 28 mmol/mg (Gorset et al., 2014)

TCM S26 6 mmol/mg (Gorset et al., 2014)
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Table 3.11: An overview of some relevant pilot studies using synthetic flue gas and aqueous amine
solutions.

Pilot Solvent Time [h] Compounds studied Campaign focus Reference(s)

Formate, oxalate,
Austin (SRP) 8m Pz 1350 acetate, Cr¥, Fe", Ni%, (Nielsen et al., 2013)
Cu?* + more

Formate, glycolate,

acetate, SO,%, NOg, Study MEA

degradation and

IFPEN 30wt% MEA 1700 NO;, HEGIly, DEA, redict dearadation (Chahen et al., 2016)
OZD, HEF, HEA, HEI, product engwissions
HEPO + more P '
Formate, NO3', HEGly, (Knuutila et al.,
Glgshaugen  30wt% MEA 990 DEA, OZD, HEF, 2014a; Knuutila et
HEPO, HEA, NDELA al., 2014b)
Study formation (Knuutila et al.,
Glgshaugen  50wt% DEA 410 OZD, HEF, HEPO, and destruction of ~ 2014a; Knuutila et
HEA, HEI, NDELA - .
nitrosamines. al., 2014b)

4.2 Emissions

In a CO; capture plant, it can be distinguished between three different types of
emissions; gas-phase (vapour), liquid entrainment, and aerosol/mist emission
(Knudsen et al., 2013; Spietz et al., 2018). Factors influencing the gas-phase emission
are the volatility of the amine, CO; loading, and gas temperature. Often, a well-
designed water wash is enough to minimise these emissions. Liquid entrainment
emissions are liquid droplets that are carried by the gas flow, however, water wash
sections can remove these. Aerosols and mist are small droplets suspended in the gas.
The formation of these depend to a large extent on the flue gas composition upstream
the CO; capture plant and on the capture plant’s operation conditions (Mertens et al.,
2015) and presence of condensation nuclei (<1 um) as for example particulate matter,
soot, SOz, SOz, NO- or H.SO4 (Mertens et al., 2012; Moser et al., 2015; Spietz et al.,
2018). When formed, mist penetrates wash sections and conventional demisters, and
therefore, additional mitigation techniques are required.

Several studies have been conducted in the last years to better understand and control
emissions and mist/aerosol formation. A summary of the components contained in
emissions can be found in Table 3.12. The table shows that the most commonly
monitored emission is the solvent amine, followed by ammonia. Ammonia is one of
the primary degradation compounds of MEA and is highly volatile. Nitrosamine
concentrations are also often monitored due to their harmful nature. Concentration of
nitramines in water wash have also been measured, but in both of them the nitramines
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were below the detection limit in the water wash water (Khakharia et al., 2014a;
Morken et al., 2014). Further volatile degradation compounds, such as allylamines,
(form)aldehydes, and some ketones, have been studied only in a few campaigns.

Table 3.12: Emissions monitored at different pilot locations/campaigns. Emission monitoring given here
does not necessarily mean that concentrations of emissions are published.
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(Thompson et al., 2017a; Thompson et
CAER 0.7 MWe X X X X X al., 2017d)
(Khakharia et al., 2014b; Mertens et al.,
Esbjerg X X X 2012; Mertens et al., 2013; Aas and da
Silva, 2010)
Ferrybridge X X X (Fitzgerald et al., 2014)
Laziska X X (Spietz et al., 2018)
(da Silva et al., 2013; Khakharia et al.,
Maasvlakte X X X X
2014a)
Mitsubishi X (Kamijo et al., 2013)
MTU - Brevik X X X (Knudsen et al., 2014)
MTU -
Longannet X (Graff, 2010)
MTU - NCCC X X X (Knudsen et al., 2013)
NCCC X X X X X (Dahlin et al., 2013)
. (Moser et al., 2014; Moser et al., 2013;
Niederaussem X

Moser et al., 2017)

(Bade et al., 2014; Gorset et al., 2014;
TCM X X X X X X Lombardo et al., 2017; Morken et al.,
2014; Morken et al., 2017)

Tiller X X X X (Mejdell et al., 2011)

Toshiba X (Fujita et al., 2013)

The concentrations of the main degradation species detected in the gas phase can be
found in Table 3.13, where it can be observed that there is no universal standard for
the reporting of concentrations of compounds in emissions. Variation in practice,
insufficient information and the different units makes it challenging to compare the
results in detail. The MEA emissions are below one ppm in three out of the six
campaigns. In the pilot campaigns with high MEA emissions, the emissions are
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measured after the absorber and no water wash sections are used. For proprietary
solvents, the solvent emissions are, in all cases, lower compared to those of MEA
campaigns. This could mean that the proprietary solvent components are less volatile
than MEA, or well-designed emission mitigation methods are used.

Ammonia emissions, as seen in Table 3.13, are larger than MEA emissions due to the
high volatility of ammonia. Also ammonia emissions can be controlled with water
wash systems, partly explaining the lower emissions at TCM, Tiller, Maasvlakte and
Mitsubishi compared to CAER. Furthermore, as the ammonia concentrations are
often at ppm-levels in the gas phase, it is an attractive compound to monitor as a sign
of degradation. Proprietary solvents seem to degrade less to ammonia as, in all cases,
the ammonia emissions are significantly lower than those of MEA. However, since
ammonia is highly volatile, the ammonia emissions are very dependent on the
operating time, temperatures in the water wash sections and process conditions. The
solvent degradation also influences emissions. As solvent degradation increases, the
emission of ammonia has been reported to increase in MEA (Mertens et al., 2012;
Mertens et al., 2013). However, no dedicated studies were found looking at the effect
of degradation on emissions.

As seen in Table 3.13, nitrosamines are generally observed only in the lower ppm to
ppb range. The same is true for aldehydes with one exception: a laboratory pilot study
by Chahen et al. using 30wt% MEA (aq.) and a synthetic flue gas. In this study,
acetaldehyde was measured in the range of 1 mg m. This is a nearly 80 times higher
concentration than formaldehyde in this particular study. This study also found
relatively high concentrations of ethylene glycol and the nitrosamine NDMA, but
these in the range of <0.5 mg m (Chahen et al., 2016).

Based on the pilot results it is clear that for MEA, the wash water section can limit
the MEA emission to a few hundred ppb, ammonia in the low ppm range,
methylamine at low ppb range in case no mist is present (Gjernes et al., 2017;
Lombardo et al., 2017; Morken et al., 2017). Furthermore, in these cases, there is no
observation of nitrosamine and nitramine emissions over the detection limit. The
solvent emissions of the tested proprietary solvents can be controlled to similar levels
as seen with 30wt% MEA (ag.). This is in line with reported numbers for
commercially available proprietary solvents (Feron et al., 2020; Singh and Stéphenne,
2014).
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Table 3.13: Concentrations of emissions in different campaigns and locations, where given in literature.
*Reclaiming was, or may have been performed in the duration of the campaign. @ Reduced after water
wash and BDU. P Reduced with ACC™ emission control system. ¢Reduced by cooling lean temperature.
4 Reduced by higher lean temperature and two-stage water wash ¢ umol mn nd = not detected.

Pilot plant Solvent Saor:iir;t NH3 TONO Formaldehyde Reference(s)
Mitsubishi [ppm] MEA 14 (Kamijo et al., 2013)
TCM [ppm] MEA <1 20 <8x10°® (Morken et al., 2014)
Tiller [ppm] MEA <0.4 20 d (Mejdell et al., 2011)
CAER 0.7 MWe* [ppmV] MEA 51385 12-282  <LOQ 3573 (Tm‘m;z%“e?;' 22001177(3
MTU - NCCC [ppmV] MEA 10-50/0°  10-40 (Knudsen et al., 2013)
NCCC [ppmV] MEA (water wash)  2.13 1.74 0.0031 (Dahlin et al., 2013)
NCCC [ppmV] MEA (acid wash) 3.02 4.75 0.0020 (Dahlin et al., 2013)
Ferrybridge* [mg mn%] MEA 0.020 (Fitzgerald et al., 2014)
Maasvlakte [mg my~] MEA 250/1° 1070 (5 to 75)x10° gﬁaiu‘;;:‘;'éi”z%ia)
MTU - Longannet* [mg mn~] MEA <4 50-80 (Graff, 2010)
Yaziska [ppm] AEEA 27-50 0.11 (Spietz et al., 2018)
Mitsubishi [ppm] KS-1 <15 (Kamijo et al., 2013)
MTU - NCCC [ppmV] ACC novel solvent 20/ 0° 1-4 (Knudsen et al., 2013)
Toshiba [ppmV] Ts1 18/5.6° (Fujita et al., 2013)
(Khakharia et al., 2014b;
Esbjerg [mg mn] CASTOR/CESAR  0.02-0.7 0.059-1.1  Mertens et al., 2012; Aas
and da Silva, 2010)
MTU - Breivik [mg mn] S26 <0.46° <4.0° <0.03%¢ (Knudsen et al., 2014)
MTU - TCM* [mg mn] S21 0.031 0.14 <0.83% (Gorset et al., 2014)o
MTU - TCM* [mg mn] S26 0.09° 0.01° <0.05° (Gorset et al., 2014)0
NCCC [ppm] Pz <14 3.1 <0.34¢ (Akinpelumi et al., 2019)
TCM* [mg mn?] S21 0.5 31 <0.34¢ (Gorset et al., 2014)o
TCM* [mg my] S26 1.8/0.09° 1.9/0.01°  <0.02° (Gorset et al., 2014)0
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As mentioned earlier, the presence of mist can increase the emissions significantly
and thus, extensive work has been conducted to study aerosol emissions, their
formation, mechanisms, and countermeasures. Mist can be formed via two different
nucleation mechanisms, homogeneous and heterogeneous (Kolderup et al.) and both
mechanisms are important. Avoiding homogeneous nucleation by removing SOs and
avoiding H>SO, will not entirely eliminate aerosol formation, since heterogeneous
nucleation and growth by condensation have been reported to be the main
mechanisms leading to aerosol-based emissions in a CO; capture column (Khakharia
et al., 2015a; Kolderup et al.; Moser et al., 2011b; Moser et al., 2014). Also, both the
concentration of particles and sulphuric acid has an impact on the formation of
aerosol emissions (Khakharia et al., 2015a; Khakharia et al., 2013). For cases with
low particle numbers before the absorber, typically seen for natural gas-fired power
plants, mist is often not detected (Morken et al., 2017). For TCM, a 500 000 particles
cm was deemed acceptable to stay below the local emission permit (Lombardo et
al., 2017). Several publications discuss the influence of flue gas cleaning before the
absorption column (Khakharia et al., 2013; Knudsen et al., 2013) and different
process changes (Khakharia et al., 2015a; Khakharia et al., 2013; Khakharia et al.,
2014b; Moser et al., 2011b; Moser et al., 2014; Moser et al., 2013) as the flue gas
composition and operational settings influence the particle number, size, size
distribution, composition, and physical/chemical properties of the mist

Effects of water wash temperature, acid wash, dry bed, flue gas pretreatment, and wet
electric precipitator have been tested alone or in coupled operation. They all showed
a reduction up to an order of magnitude of amine emission (Moser et al., 2014). A
wet electrostatic precipitator (WESP), often seen as an option to avoid mist formation,
could also cause aerosol formation by increasing the number concentration of ultra-
fine particles or droplets in the flue gas (Moser et al., 2015). A gas-gas heater installed
up- or downstream of the wet flue gas desulphurisation (WFGD) prevents amine mist
formation inside the absorber (Harsha et al., 2019; Khakharia et al., 2015b; Khakharia
et al., 2014b; Lombardo et al., 2017; Majeed et al., 2017; Mertens et al., 2015).

Having a dry bed between the absorber and the water wash reduces the emission of
amine compounds (Moser et al., 2014). Furthermore, lean MEA inlet temperature to
the absorber influencing the absorber temperature profile and flue gas temperature at
the top of the absorber, flue gas temperature difference over the washing section, flow
rate of water in wash sections as well as the amount of make-up water to these
sections have a significant impact on the amine and ammonia emissions (Akinpelumi
et al., 2019; Lombardo et al., 2017; Spietz et al., 2018). Demisters are an efficient
way to reduce amine emissions when mist is present, and further testing of impaction
candles and high efficiency demisters is proposed to identify options with low
pressure drop and high efficiency (Lombardo et al., 2017). Finally, proprietary
emission control concept (ACC), combining a novel absorber design to prevent amine
mist formation and a final pH-controlled wash stage is reported to reduce the emission
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of alkylamines, ammonia and solvent amine(s) (Bade et al., 2014; Knudsen et al.,
2013).

4.3 Analytical Methods

For the monitoring of both the solvent degradation and the emissions in the pilot
plants, many different analytical methods are being deployed. The amount of
information given about these, however, is varying. How much information is given
can for example be dependent on the purpose of the given paper/report, if the analysis
is done internally or externally, or if the specific method used is disclosed or not. In
this section, the analytical methods that are most frequently deployed in the pilots and
how they are used will be presented. These include FT-IR, LC-MS, GC-MS, IC,
titration, PTR-MS and ICP-MS/-OES. Note that results from papers that only reports
their findings, without stating which analytical method is being used, are not
included.

When monitoring the emissions from the pilot plants, online FT-IR is often the
preferred method (Artanto et al., 2012; Bade et al., 2014; de Koeijer et al., 2011,
Fitzgerald et al., 2014; Khakharia et al., 2013; Khakharia et al., 2014a; Knudsen et
al., 2013; Knudsen et al., 2014; Mertens et al., 2012; Moser et al., 2018; Thompson
etal., 2017a). Here, the FT-IR is used to analyse the emissions from the absorber, and
can detect and quantify various amines and aldehydes, water content, as well as
standard inorganic components such as NHs, SO,, NOx, etc.. The detection limit is
usually 1 ppmv. When the solvent amine emission concentration dips below this limit,
manual sampling campaigns have been conducted (Gorset et al., 2014).

LC-MS has also been frequently used to monitor emissions in many of the pilot plants
(Bade et al., 2014; da Silva et al., 2012; Fujita et al., 2013; Khakharia et al., 2014a;
Knudsen et al., 2013; Knudsen et al., 2014). This is however not done online, but
through absorption in impingers. Different absorption medias are utilised, but
sulphuric and sulfamic acid are the most common. At Norcem, DNPH cartridges was
also used (Knudsen et al., 2014). These can capture condensate and
aldehydes/ketones which is not captured in the acid absorbers. Sampling in the
impingers are usually done for 1-2 hours. The impinger methods used are often well
documented in the publications. The LC-MS results are, also, often used to verify FT-
IR results. As manual sampling combined with LC-MS analyses is based on up-
concentrating the degradation compounds into the impingers, it can be used to detect
compounds present in low concentrations, and can therefore give a more overall
picture of the composition of the emissions. LC-MS is also used to study the solvent
degradation and quantify degradation components (Knuutila et al., 2014a; Moser et
al., 2020; Thompson et al., 2017c). Unfortunately, in general very little information
is given about the LC-MS methods used by the pilot plants.
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Like LC-MS, GC-MS is also used to monitor both the emissions and the solvent
degradation in various pilots (Artanto et al., 2012; da Silva et al., 2012; Fujita et al.,
2013; Knudsen et al., 2013; Knudsen et al., 2009; Moser et al., 2011b; Thompson et
al., 2017c). The samples are often the same as the ones analysed with LC-MS, and so
these two methods combined gives a comprehensive overview of the sample
composition. But like with LC-MS, the methods used is in most cases under reported
or not reported at all. There are however exceptions, where the method used is
thoroughly rendered (Reynolds et al., 2015b).

Compared to the methods mentioned above, the information gained from IC is
restricted to ionic species. This results in that that its use varies a lot in the different
pilot plants. In some cases, it is used to analyse HSS in the solvent samples (da Silva
et al., 2012; Fitzgerald et al., 2014; Moser et al., 2020; Reynolds et al., 2015b;
Thompson et al., 2017c; Thompson et al., 2017d; Thompson et al., 2014), while in
some cases only inorganic anions such as sulphate is analysed (Knuutila et al., 2014a;
Mertens et al., 2015; Moser et al., 2020). How well the methods are rendered seems
to depend on where the analysis has been conducted. For the ones performed in-
house, the method is described well, while when external laboratories have been used
it is usually not described.

Titration is a quick and cheap method, but is nevertheless not extensively used in the
pilots. Under titration measurements of total amine concentration (total alkalinity),
masurement of the CO»-loading, or measurement of HSS is included. When titration
is used to analyse samples from the pilots, many or all of these are usually performed
(Fitzgerald et al., 2014; Knudsen et al., 2014; Knudsen et al., 2009; Moser et al.,
2011a).

The last two analytical methods included is PTR-MS and ICP-MS/-OES. PTR-MS is
used in some of the plants as an online analysis tool for amine concentration and
volatile components (Bumb et al., 2017; Moser et al., 2014). In these cases, it is often
used to study volatile degradation products in the emission stream (Fujita et al., 2013).
ICP-MS/-OES is an offline method, and is used by some pilots to detect and quantify
metals and trace elements in a solution (Knudsen et al., 2014; Moser et al., 2020;
Thompson et al., 2017c). Little information is shared about the instruments or
methods being used for both these analyses.

5 Discussion and Recommendations

Most of the pilots are not in continuous operation. Furthermore, the different
campaigns typically focus on various aspects of the process to reduce risk, costs, and
close knowledge gaps. As the pilot campaigns are costly, data on a lot of different
aspects of the process is collected simultaneously. The campaign’s focus may be on
process performance of a promising solvent or solvent blend, and large changes in
the process parameters are done throughout the campaign duration. At the same time
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as the process itself is optimised, data related to solvent degradation can be collected
for stability assessment. These different focus points of the different campaigns make
it more challenging to compare them to one another, when it comes to degradation
and emission. Degradation depends on many factors as well as process parameters,
including flue gas composition, temperatures in the absorber and desorber,
construction material of the plant, and the solvent residence times in the absorber and
desorber. This means that for a clear and unambiguous comparison, all these factors
need to be taken into consideration, when they mostly are reported in varying detail,
depending on the campaign emphasis. Finally, the reported degradation, the
analytical methods, sampling frequency and type of compounds analysed, also vary
a lot from campaigns to campaign. All these factors lead to a situation, where a
comparison of degradation in different campaigns, even when operated with the same
solvent, is intricate. The gathered learning from all these campaigns together does,
however, give an overall picture of the degradation that has been and can be observed
when operating a post-combustion CO- capture plant using MEA.

Below, the main findings related to flue gas treatment, degradation and emission are
discussed.

Flue gas pretreatment. Sufficient flue gas pretreatment before entering the absorber
column plays a vital role in the solvent stability in connection with coal-fired power
plants. For example, the pilot plants in Niederaussem, Esbjerg and Heilbronn, which
have extensive setups for pretreatment, have much lower formation rates of HSS than
those, like Loy Yang and the 0.1 MWth CAER pilot, where more limited flue gas
pretreatment is performed. There is a good agreement that removing SOx, NOx and
particulates from the flue gas a positive effect on solvent degradation and therefore
emissions of degradation compounds.

Solvent degradation. When reading the summaries of degradation and corrosion
products quantified in Table 3.6 to Table 3.10 it is important to keep in mind that a
plethora of process conditions may play decisive roles in the degradation mechanisms
and rates that take place. Usually, limited information is reported when it comes to
changes in process conditions during the campaign, and detailed process design, like
residence time of the solvent in the absorber sump. Knowledge of these details could
give additional insights on what influences solvent stability.

Organic acids have often been used as an indication of MEA degradation, but no
studies have yet found a direct correlation between their concentration and the total
degradation in an arbitrary MEA campaign. In addition to the organic acids being
precursors for the formation of other degradation compounds, HEF being formed
from formic acid, HEA from acetic acid etc., different campaigns have showed
different acids as primary degradation products. At the pilot plant in Niederaussem,
acetate is measured in higher concentrations than formate (Moser et al., 2011a; Moser
et al., 2018; Moser et al., 2020), but in the Loy Yang and TCM pilots the opposite is
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seen (Morken et al., 2017; Reynolds et al., 2015b) (Figure 3.1). Furthermore, as some
(thermal) degradation compounds tend to increase in concentration in the beginning
of a campaign and then steadily decrease later in the campaign (Moser et al., 2020),
reacting to further degradation compounds or decomposing, it is important to be
aware of what one is measuring. These compounds should therefore not be used for
assessing the state of the amine solvent.

Because organic acids react further to form other degradation compounds throughout
the operation time, their concentrations do not always increase linearly. It is less
common to quantify other degradation compounds, since they typically require more
complicated analytical methods, which are time-consuming and costly. Based on the
results of the studied pilot campaigns, there doesn’t seem to be any single degradation
product that quantitatively correlates with the overall amine degradation. Despite of
some of the HSS being of inorganic origin, coming from the flue gas itself (SO4%*, CI-
, NOg, etc.) and some from the degradation of the amine, it is still an important
parameter so consider when assessing the state of the solvent. It has been seen that
despite of extensive flue gas pretreatment, remaining concentrations of inorganic
contaminants increases steadily with operation time (Thompson et al., 2017c).
However, in several cases the total amount of heat stable salts (HSS) in the solvent
increases nearly linearly throughout the operation time, regardless of other process
parameters and this might give a good indication of the solvent degradation rate
(Feron et al., 2015; Reynolds et al., 2015b; Thompson et al., 2014). The total amount
of HSS is often not given in articles describing pilot campaigns and instead, the
monitoring focuses on selected organic acids. In these cases, knowing how well the
monitored compounds describe the solvent’s degree of degradation can be
challenging. If one still wants to study single organic acids, an assessment should
probably still be made to the total amount of HSS.

Also, although organic acids are some of the typical main degradation products of
MEA, this is most likely not the same for other amines. Despite of these products
often being denominated as primary degradation products, this does not state
anything about their importance, merely the order in which they are formed. Using
an organic acid, such as i.e. formic acid as a proxy to assess overall degradation
should therefore be done with caution, regardless of which amine is studied.
Nevertheless, the concentrations of heat stable salts and inorganics from the flue gas
and corrosion can still indicate the properties and stability of the different solvents.
Iron is a frequently monitored inorganic species in the solvent and a correlation
between ammonia formation and iron concentration in the solvent has been clearly
observed (Dhingra et al., 2017). Despite of this correlation, it is not clear which
effects cause this, whether it is the increasing corrosivity with increasing degradation
or an increased iron solubility caused by pH changes (Nordstrom and Alpers, 1997)
or iron complex formation with a more degraded solution. A combination of these
explanations is also likely. An explanation for the rapid spike observed both for
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ammonia formation and iron concentration has not been found. Further and thorough
analytical work will be needed to fully understand these phenomena in degraded
amine solvents.

Most studies choose a factor to compare a new solvent blend to benchmark 30wt%
MEA (aq.), like total concentration of HSS or total concentration of nitrosamines in
the solvent (TONO). These give insights about specific degradation properties of the
solvent and is useful for solvent stability assessment. Comparing single property of
solvent, like TONO-concentration can be a way to address specific issues, like safety
of the operators. However, it does not say anything about the overall solvent stability.
Comparing the amount of dissolved inorganic components in the same pilot but for
different solvent systems may indicate the suitability of a certain solvent in certain
application (Feron et al., 2015; Thompson et al., 2014).

There is no guideline for how to monitor amine degradation in a carbon capture plant.
This has resulted in the use of various methods in different pilot campaigns, with no
common consensus in terms of what compounds to analyse for and how this is done.
A determining factor in the choice of analytical method is often the availability and
cost of the analytical methods. Some methods might be more readily available but
give less information, for example total alkalinity, while others are very costly and
unavailable, and might therefore not be chosen, like for example LC-MS.

Combination of measurement of NH; by FT-IR combined with determination of NH3
concentrating in the water wash, as well as total HSS concentration in the liquid
solvent could be a relatively easy and solvent independent way of monitoring the state
of degradation in the plant. It should be remembered, that specific analyses should be
performed to monitor the accumulation of toxic and harmful degradation compounds
in the solvent loop. Additionally, specific methods to monitor the emission of volatile
degradation compounds and solvent amine will always be needed.

Analytical methods. Few of the analytical methods applied in monitoring the amine
degradation have been sufficiently validated. Validation of a method ensures that the
analytical system used is suitable for its purpose and that it provides legitimate data.
Ideally, an analytical method should be validated against another method, which is
independent of its measurement principle. For instance, the quantification of MEA
by LC-MS should agree with the concentration measured by cation IC, as these
methods depend on entirely different measurement principles.

Furthermore, in many cases, very little information has been published regarding the
parameters of the analytical methods used, e.g. flow rate and retention time, in the
chromatographic methods. This is unfortunate, as it makes it impossible for others to
validate the reliability of the claims given regarding the results of these analyses. In
combination with, and maybe as a result of, the restricted information given about the
analytical methods is the under-reporting of uncertainties and detection limits. Both
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of these parameters are important in handling the data given, and the lack thereof
therefore impairs the results.

It is widely seen that some external laboratories are processing the samples from
different campaigns and pilots. In these cases, accredited, validated methods for the
specific compounds in question are crucial. Use of round robin tests could be an
effective way to ensure the consistence of the reported analyses of degradation
compounds. Published round robin tests have, for example, highlighted the
challenges in analyses of nitrosamines (Fraboulet et al., 2016).

Emissions. As emissions are site and solvent specific, direct comparison of actual
emissions from different pilot plants is therefore not an option. The emission of highly
volatile degradation compounds, like ammonia, can usually be controlled with water
or acid wash (Knudsen et al., 2013; Mertens et al., 2013). The same applies to many
solvent compounds, as long as the aerosol formation is limited. For example, the
gaseous MEA emission could be abated by single well-designed water wash (Mertens
et al., 2012; Mertens et al., 2013). In the presence of aerosol, the solvent emissions
can be significant, and aerosol mitigation techniques are needed to reduce the
emissions to acceptable levels. The emissions through aerosol particles can be
reduced by eliminating the mist precursors upstream from the absorber, or by
controlling the growth of the aerosol particles in the absorber. The proposed ways to
control the aerosol growth, are reducing the temperature gradients in the absorber or
accelerating the particle growth to form large, easily removable aerosols (Knudsen et
al., 2013; Mertens et al., 2013; Moser et al., 2014). Operation of the presence of some
upstream equipment like wet flue gas desulphurisation unit, gas heater, and wet
electrostatic precipitator can have a crucial influence on the aerosol formation
(Mertens et al., 2015; Moser et al., 2015). In general, the installation of a Brownian
demister unit reduces the aerosol emissions (Bade et al., 2014; Khakharia et al.,
2014a; Lombardo et al., 2017).

Emissions of both the solvent itself and its degradation products has to be considered
and monitored, but the available information about the pilots and performed
campaigns varies. For example, data related to solvent emissions and descriptions of
emission reduction technologies are often missing. Besides, the emission reduction
technologies used are sometimes proprietary, and details are therefore not given in
the publication. A reliable monitoring strategy is required to keep track of the
degradation and emission in pilot-plants. There is, however, no set standard to follow.
Instead, multiple analytical methods are being used, and this choice is often
dependent on the desired information, available resources and know-how as well as
the availability of equipment.

Finally, all full-scale plants will need an emission permit, and these depend on local
regulations where the plant is located. In Norway, for example, the emission permit
for TCM regulates the emission levels for solvent amine, alkylamines aldehydes and

85



ammonia (Morken et al., 2014). The regulation also includes nitrosamine and
nitramine.

The following take-home-messages and trends summarise the main findings:

Flue gas pretreatment including SOx, NOx and particle removal significantly
increases solvent stability. Pilot plants containing an excessive flue gas
pretreatment system tend to experience significantly less degradation than
those with a limited or no such system. However, the type of flue gas pre-
treatment also impacts the emissions, as some flue gas pretreatments can
increase the risk of amine mist formation by increasing the presence of nuclei
in the flue gas.

Monitoring of any single known degradation compound is not a universal
way of assessing solvent stability, not even for the comprehensively studied
MEA. The organic compounds formate and acetate, for example, seem to
vary in their relative abundance in different pilot plants and campaigns. Some
compounds even decrease in concentration after a certain time of operation
and therefore, the monitoring of single compounds should be done with
caution and this knowledge in mind.

A relatively simple, and to some extent, solvent independent method to
monitor solvent degradation could be a combination of measurement of gas-
phase NHsz by FT-IR with total HSS concentration in the liquid solvent.
However, monitoring of NH;3 or the total HSS concentration is not always the
best solution. But for solvents that produce NH3 and HSS as one of their
primary degradation compounds,such as MEA, this is a straight-forward and
informative monitoring approach. Knowledge of the main degradation
compounds are therefore always needed.

There is no universal standard for measurement of emission from large-scale
capture plant. An international standard is also lacking for sampling,
conditioning, and analysis of volatile trace elements in flue gas, leaving the
CO, capture plant (Moser et al., 2013). These issues should be addressed in
future works and development of such a standard would enhance the
comparability and certainty in the measurements on site.

There is a general lack in reporting of analytical methods and their
uncertainties, when emission and degradation data is published. To facilitate
reproducible and comparable results, documented methods should be applied
for the quantification of species both in gas and liquid phase, including all
parameters for chromatographic analyses.
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Supplementary table 3.1: A more detailed summary of the different pretreatment technologies applied
at the different pilot campaign locations.

Location

Pretreatment

Austin, Texas

SCR, FGD

Brindisi, Italy deNOXx, WESP/ESP/FF, deSOx
CAER 0.1 MWth, USA WEFGD, high-temperature cyclone, knock-out
CAER 0.7 MWe, USA WFGD, low NOy, ESP

Changchun, China
Esbjerg, Denmark
Ferrybridge, UK

PR, FGD, SCR, denitrification
SCR, deNOx, ESP, FGD

FGD, in-furnace NOx reduction

Heilbronn, Germany deep SO, removal, pre-scrubber, deNOx, ESP

Laziska, Poland

Water scrubber, FGD

Loy Yang, Australia knock-out drum, caustic wash
Maasvlakte, The Netherlands BDU, FGD, caustic wash

Mikawa, Japan

ESP, FGD

Niederaussem, Germany FGD, SCR, caustic wash

Tarong, Australia
TCM, Norway
Tiller, Norway
Wilsonville, USA

PR, caustic wash

FGD, BD filter

water scrubber

particulate filter, SCR, ESP, WFGD

Supplementary table 3.2: Measured concentrations of total amount of heat stable salts (HSS) and organic
acids in post-combustion CO2 capture pilot campaigns using 30wt% MEA as their solvent, at the end of
the campaign of right before reclaiming the solvent, in mg kg™. Hours of operation given in table
indicates the time of sampling. *Mass concentration in original publication converted to mass fraction
under the assumption that p =1 kg L.

Campaign HSS Acetate Formate Glycolate Oxalate
Niederaussem (a) 200
Niederaussem (b) 2500 530 240
Niederaussem (c) 25000 5000 2700
CAER 0.1 MWth 4700 799
CAER 0.7 MWe 17 677* 884+ 7583* 619* 3643*
Loy Yang 24000 5000 12 000 3000
Esbjerg (a) 13 000
Esbjerg (b) 1200* 1100*
Heilbronn (a) 1260* 560*
Heilbronn (c)* 3482 350 1160 205 270
Changchun 3590 2160 700
TCM (a) 12 000 500* 3000* 400* 1200*
TCM (b) 6785 (O.}Z mol kg 1400 1440 520
\
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Supplementary table 3.3: Chemical structures of compounds, which have been quantified in pilot
campaigns. ®Thermal degradation compounds, PPrimary and °Secondary oxidative degradation

compounds.
IUPAC name Abbreviation CAS-number Chemical structure
o
Acetate o 71-50-1 )k
o
o
N-(2-Aminoethyl)-
N’(2-hydroxyethl)- AEHEIA no CAS
imidazolidione Ho NH,
o]
. H
N,N’-Bis(2-hydroxy- . a0, N OH
ethyl)oxamide BHEOX 1871-89-2 Ho/\/ H/\/
o
o]
H
- N OH
Bicine 150-25-4 vo S N/\/
o
N
. . a 0.
Diethanolamine DEA 109-89-7 HO/\/ \/\OH
Ethylamine EAP 75-04-7 "
Formate b 71-47-6 'o/\o
o)
Glycolate o 79-14-1 HO\)’L
o
o)
N-(Z-H_ydroxyethyl)- HEA® 142-26-7 Y
acetamide HN
S Non
2-(2- H
Hydroxyethylamino)-  HEEDA? or AEEA 111-41-1 W N
ethanol
(2- , OH
N-(2-Hydroxyethyl) HEF® 693-06-1 NN
formamide H
o
g‘lﬁi‘;ydroxyethy')' HEGIy® 5835-28-9 4
HO/\/ OH
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IUPAC name

Abbreviation

CAS-number Chemical structure

(N-(2-Hydroxyethyl)-
(hydroxyethyl)-
amino)acetamide

N-(2-Hydroxyethyl)-

imidazole

N-(2-Hydroxyethyl)-2-
imidazolidione

4-(2-Hydroxyethyl)-2-
piperazinone

Monoethanolamine

2-(Nitroamino)-ethanol

N-
Nitrosodiethanolamine

N-
Nitrosodimethylamine

Nitroso-(2-hydroxy
ethyl)-glycine

Oxalate

2-Oxazolidinone

HEHEAA®

HEI°

HEIA?

HEPO®

MEA

MEA-NO;,

NDELA

NDMA

No-HEGly

0ozD¢

o
144236-39-5 H\)J\ oH
HO/\/ u/\/

-_—-_
1615-14-1 N\t
~_" on
o
HN
3699-54-5 </
N
oy
o]
23936-04-1 NH
N
N \)
NH,
141-43-5 I\
i
74386-82-6 Ho N
SN N
ﬁ (o]
o]
Y
1116-54-7 |
N
HD/\/ \/\OH
62-75-9 l o
P \N/
0,
\N (o]
80556-89-4 |JJ\
N
HO/\/ OH
(o]
338-70-5 Oj‘/lLo_
Q
© (o]
497-25-6 { \ﬁ
NH
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IUPAC name

Abbreviation

CAS-number

Chemical structure

Piperazine

Pz

110-85-0
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Chapter 4

Materials and methods

This chapter aims to give a more in-depth description of the experimental
and analytical methodology used in this PhD. Recommendations for
future operators will be included here to a larger extent than in the
published papers. This chapter also includes some results from
validation experiments, that may help other researchers in setting up
their experiments.
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4.1. Oxidative degradation setup 1

The setup used for most of the oxidative degradation experiments performed in the
scope of his work, was an open-batch setup and based on the work of Vevelstad
(2013) and Fytianos (2016). First, one setup of three parallel reactors was built and
after that was successfully in use another, identical setup was made. This allowed for
six parallel reactions to run at the same time.

Vent Vent Vent
ﬂ Condenser Condenser Condenser
~

Reactor 1 Reactor 2 Reactor 3

Q0| mrc [CO] mrc Q0| mrc
gy
Bleed

Figure 4.1: Schematic of oxidative degradation setup 1, of which there were two.

The experimental conditions were meant to simulate absorber conditions, so the
temperature was kept constant at 60 °C throughout every experiment. Temperature
control was ensured by making the reactors of double-jacketed glass, meaning that
there is a large contact area between the heating liquid, which was water provided by
a circulating heating bath. The temperature of the Graham condensers was kept
constant by using a circulating cooling bath with water kept at 5 °C. Each reactor has
a total volume of ~275 mL and a liquid volume of ~200 mL was used during the
experiments. The gas mixture was provided though five Alicat mass flow controllers
(MFC), two regulating the pressure of CO. and O, and three MFCs connected after
the two gases had been mixed, providing an equal gas flow to each reactor. A bleed
valve coupled in parallel with the three MFCs going into the reactors, ensured release
of excess gas mixture. The gas is passed through an empty gas wash bottle and
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through a Pyrex® gas dispersion tube (GDT) of porosity grade 1 into the liquid, to
increase mass transfer from the gas to the liquid phase. The GDTs were either new,
or thoroughly cleaned with sulphuric acid (H.SOs), and deionized water between
experiments. Magnetic stirring was maintained constant throughout every experiment
at a rate of ~200 rpm. Each reactor has three openings, one at the top, for the
condenser, one on the side, where a thermometer adapter ensured a tight fit around
the GDT going into the reactor and a third opening covered with a screw cap with
septum, for sampling.

Figure 4.2: Photo of oxidative degradation setup 1. Photo: Per Henning, NTNU.

Each experiment started with adding ~200 mL of an accurately weighed amine
solution, which was typically pre-loaded with CO, and contained 0.5 mM of iron
sulphate heptahydrate (FeSO47H.0), into pre-heated reactors with the cooling
system on. The GDT was already secured and connected and as soon as the sample
was added to the reactor, the septum-containing cap was put in place. Magnetic
stirring and gas flow were commenced as soon as all reactors were filled. Sampling
was performed regularly through the septum, using a syringe with a needle. Each
sampling removed 2-3 mL of the liquid and every sample was accurately weighed, to
ensure knowledge of the mass balance throughout the experiment. The typical
duration of an experiment was 21 days, with sampling two times per week.
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The following subchapters contain results from two different method validation
experiments, that are not included in the published papers.

4.1.1 Catalysis of oxidative MEA degradation

One experiment testing the catalytic effect of copper was performed in three parallel
reactors in Setup 1. The experimental procedure given in section 4.1 was followed,
with the exception of 0.5 mM CuSO, addition instead of FeSO4-7H,0. the experiment
was performed in 30 wt% MEA (ag.) with a loading kept at approximately
0.4 molcoz moluwea™. The gas mixture sparged into each reactor consisted of 98% O,
and 2% CO,, and the gas flow rate was kept at 60 mL min™.

100 % x
=
[=11]
k= =
S 50% X
g'j [
- X
z2 X
= X I
'T:: 60 % X 0.5 mM Fe(II) X
= 0.5 mM Cu(IT)
40 %
0 5 10 15 20

Time (days)

Figure 4.3: Relative alkalinity remaining in the 30 wt% MEA (aq.) solution throughout three weeks
under oxidising conditions when added Fe?* or Cu?*.

As can be seen in Figure 4.3, the rate of copper-catalysed oxidative degradation of
30 wt% MEA (ag.) is comparable to that of iron-catalysed degradation. The data for
MEA 30 wt% with Fe?* is from the publication printed in chapter 7, the data for the
copper-catalysed experiments is found in Table 4.1. The alkalinity show in the figure
was measured by titration, then corrected to CO,-free concentration, and under the
assumption that water loss is linear, corrected for loss of mass (water) throughout the
experiment.

Table 4.1: Measured concentrations of alkalinity (section 4.4.1) and CO: (section 4.6.1) for oxidative
degradation of 30 wt% MEA (ag.) with 0.5 mM CuSOs in three parallel reactors (a, b, and c).

Day A(\\Ll;acl:lglzt)y concgl(t)rzation Loading @\I{I/(oa ICI:%?)/ (?(I)l:?e“cr;g)
[mol kg™] [o kg™ [molcoz molmea™]  [mol kg™] [mol kg™]
0 4511 85.81 0.43 4.898 4.898
3a 4.340 83.31 0.44 4.701 4.659
3b 4.349 - - 4.715 4.674
3c 4.345 - - 4.710 4.653
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Alkalinity CO2 Alkalinity Alkalinity

Day (w/ CO2) concentration Loading (w/o CO2) (corrected)
[mol kg™] [g9 kg™] [molcoz molmea™]  [mol kg™] [mol kg™]
7a 4.127 81.17 0.45 4.462 4.369
7b 4.164 82.47 0.45 4.507 4,416
7c 4.152 82.21 0.45 4.493 4.367
10a 3.765 71.42 0.43 4.034 3.913
10b 4.043 - - 4.355 4.228
10c 4.016 - - 4.320 4.147
1l4a 3.337 60.86 0.41 3.540 3.391
14b 3.831 71.86 0.43 4.107 3.940
14c 3.753 69.06 0.42 4.012 3.787
17a 3.042 53.52 0.40 3.205 3.041
17b 3.663 - - 3.908 3.715
17¢c 3.609 - - 3.842 3.581
2la 2.619 45.09 0.39 2.737 2.565
21b 3.443 61.90 0.41 3.656 3.434
21c 3.376 59.98 0.40 3.578 3.278

4.1.2 Oxidative degradation with 1% vs 98% O

To test whether degradation takes place also with very low pO,, an experiment was
run replacing pure O, with a mixture of 99% N and 1% O in 30 wt% MEA (aq.).
The instructions in section 4.1 were otherwise followed, resulting in a 60 mL min*
flow rate of approximately 1% O, 2% CO. and 97% N into each reactor. The
solution contained 0.5 mM FeSO,4-7H-0 to catalyse the reaction.

100 % * ¥ X ¥ )I( ¥ ¥
¥

[=11]
£ X
=
S 80 % X
& X
g o
E 60 % X1% 02 >|:<
< X 98% O2

40 %

0 5 10 15 20

Time (days)

Figure 4.4: Oxidative stability of 30 wt% MEA (aq.) with high and low pOa.

In Figure 4.4 the loss of alkalinity for MEA sparged with 1% O, is compared to that
of 98% O, (the same data as in Figure 4.3). In the figure, alkalinity of the CO.-free
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solution is given, corrected for water loss throughout the experiment. It can be seen
that the loss of amine is negligible in this case, that more oxygen is required to induce
a significant loss of alkalinity in the three weeks the experiments take. The measured
concentrations of amine and CO; are given in Table 4.2.

Table 4.2: Measured concentrations of alkalinity (section 4.4.1) and CO: (section 4.6.1) for oxidative
degradation of 30 wt% MEA (ag.) with 1% O in three parallel reactors (a, b, and c).

Alkalinity co; Alkalinity Alkalinity

Day (w/ COy) concentration Loading (w/o CO2) (corrected)
[mol kg™] [g kg™] [molco2 molvea™]  [mol kg™] [mol kg™]
0 4514 81.33 0.41 4.881 4.881
3a 4.548 83.37 0.42 4.928 4.883
3b 4.541 - - 4.929 4.887
3c 4511 - - 4.919 4.882
7a 4.558 84.10 0.42 4.942 4.838
7b 4.597 89.34 0.44 5.008 4.910
7c 4.577 99.78 0.50 5.034 4.946
10a 4.620 84.82 0.42 5.012 4.862
10b 4.595 84.29 0.42 4.983 4.843
10c 4.615 84.32 0.42 5.004 4.879
14a 4.667 89.75 0.44 5.086 4.872
14b 4.646 89.77 0.44 5.063 4.864
14c 4.641 90.22 0.44 5.060 4.883
17a 4.672 90.97 0.44 5.097 4.837
17b 4.695 90.14 0.44 5.118 4.875
17¢c 4.650 91.30 0.45 5.075 4.859
21a 4.690 92.69 0.45 5.125 4.802
21b 4.669 92.93 0.45 5.103 4.803
21c 4.700 91.74 0.44 5.131 4.861
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4.2 Oxidative degradation
setup 2

One oxidative degradation experiment
was also performed in an open batch
degradation rig at SINTEF. This setup is
described in detail in Vevelstad et al.
(2016). The principle of this setup is the
same as for setup 1, only with a larger
reactor volume and higher gas flow (357.5
mL min?), including a pump recycling
the gas phase into the liquid by vigorous
sparging (50 L h%). It is also equipped ‘
with two 50 cm water-cooled Graham L
condensers and the fresh gas (98% O-, 2%
COy) is pre-saturated with water through
a gas wash bottle.

This setup offers an increased mass
transfer from the gas to the liquid phase
than setup 1 and was therefore used to
validate the results of the KI SAS
solution, verifying its inhibition effect on

oxidative degradation of MEA. Figure 4.5: Photo of oxidative degradation setup 2
(belongs to SINTEF Industry).

4.3 Thermal degradation experiments

The thermal degradation experiments performed in the scope of this work were
performed in accordance with Eide-Haugmo et al. (2011). Approximately 8 mL of
solvent was filled in stainless steel 316 cylinders with diameters of 0.5 inch and
volumes of approximately 11 mL, equipped with Swagelok® end caps. The weight
of the solvent and cylinder were accurately noted prior to starting the experiment. The
cylinders were then kept at 135 °C for up to five weeks. Each sampling involved the
removal of two metal cylinders per experiment and the analyses of their contents,
meaning i.e. that the sample taken after two weeks was kept at 135 °C for two weeks.

For the experiments performed in conjunction with the investigation of stable salts as
degradation inhibitors, the cylinders were washed with sulfuric acid (H2SO4, 0.1 M)
to remove iron carbamate (FeCOs) and other corrosion products. The weighing of the
cylinders and caps was then performed on a Mettler-Toledo ME204 analytical scale
(taring range 0-220 g and readability 0.0001 g) to determine loss of mass due to
corrosion, throughout the experiment.
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4.3.1 Influence of Oz on thermal stability of MEA

In conjunction with the investigations of oxygen solubility and the impact of oxygen
on chemical stability of amines, a set of thermal degradation experiments was
performed with MEA as described in the first paragraph in section 4.3. Four cylinders
containing 8 mL of 30wt% MEA (aq.) was prepared for each sampling, whereof two
of the cylinders were sparged with N, to remove all O, from the solution and head
space, before closing the caps and two with Oy, to saturate the liquid phase and head
space with O.. The results of these experiments are given in Figure 4.4 in the form of
total alkalinity determined by titration with H.SO4, where it can be observed that the
presence of these amounts of O, does not play a significant role in the thermal
degradation of MEA. These results were the reasoning for not removing head or
liquid space O prior to closing the cylinders during thermal degradation experiments.
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Figure 4.6: Thermal stability of 30wt% MEA (ag.) in O2-“loaded” and O free conditions.

4.4 Biodegradation experiments in soil

To study the effect of small concentrations of amine in a plant-soil system, six plant
pots of equal size (cubical, 8-8-8 cm) were used for each treatment (treatment =
concentration/amount of amine). This study had a total of 36 pots, with some reserve
pots in case any system looked different from the other at the time of treatment start,
so that these may be replaced. Each pot was filled with approximately 400 mL of soil,
its surface wetted and grass seeds were sowed. The grass was allowed to grow until
a height of approximately 5-8 cm at conditions of growth light and regular watering
(every 2" day), to make sure that a solid system of roots had developed in each pot.
This took ~1.5 months.

The pots were systematically numbered for the sake of logging the results throughout
the experiment. When the grass was deemed healthy and strong, treatments with
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MEA was conducted by giving each plant-soil system a one-one treatment. The pots
were divided into sets of 6 (because there were 6 individual treatments), resulting in
6 sets of 6 pots. Prior to the treatment, an objective observer assessed the health of
each plant-soil systems, by giving each individual system a score between 0 and 5,
where 0 represented 0% brown leaves, 1: 1-10%, 2: 11-20%, 3: 31-60%, 4: 61-90%,
and 5 91-100% brown leaves. Every plant-soil system was then given the same
volume of treatment, but each treatment contained different concentrations of MEA.
Within each set of six, every pot then received a different treatment, in a randomized
order. The number of the pot and the treatment given was systematically logged.

After the treatment, the plant-soil systems were all kept at conditions of growth light
and regular watering, as before the treatment, but every 3-4 days the score was logged
anew by the same objective observer. The observer was unaware of which treatment
each plant-soil system had received. Scoring was continued for three weeks in this
work, but for future studies and deeper insight it would be recommended to continue
for a while longer. Longer intervals between scorings can be used.

The statistical relevance of the results was assessed, both to verify significant
differences between treatments over all scoring times by using a Friedman test, and
at any given time, by using a Kruskal-Wallis test. The effect size was determined
using Kendall’s W and Cohen’s interpretation. P-values were adjusted with
Bonferroni correction method.

4.2. Titration

Titration methods were used both for quantification of alkalinity, heat stable salts
(HSSs) and dissolved oxygen, and each methodology is found described in the
following sections.

4.4.1 Amine quantification

Amine concentrations were primarily quantified indirectly, by titration with sulfuric
acid (H.S0.) to find total alkalinity of the solutions. Total alkalinity does not
necessarily describe the total concentration of one given amine species but will
indiscriminately quantify all alkaline species. Alkaline degradation products will
therefore be included in the total amine concentration in this way. The method bases
on the description found in Ma'mun et al. (2006).

0.2 g of the sample is added to 50 mL deionized water and its mass exactly noted
down. The sample is then titrated using a Metrohm 702 SM Titrino automatic titrator
and 0.1 M H,SO4 until the end point around pH 4-5. The concentration of alkaline
species is calculated from the amount of acid used to titrate.
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Analysis of samples of known concentrations gave maximum deviations of £ 2%. All
samples were analysed in 2 parallels and the average of these are given as the result.
The maximum deviation between the two parallel analyses should not exceed 2%.

4.4.2 Heat stable salt analysis

Heat stable salt (HSS) is a collective term for all ionic species, which can be found in
the amine solution, that can withstand elevated temperatures over time. The
temperature elevation removes the reversibly formed carbonate, carbamate and
bicarbonate species and effectively strips the solution of CO,. The method described
in this section is based on that described in Reynolds et al. (2015) as well as method
developed by SINTEF Industry.

Dowex 50W-X8 anion exchange resin (CAS: 69011-20-7) was used in this procedure,
which was activated with hydrochloric acid (HCI) prior to use. The activation was
performed by magnetically stirring two volumetric parts resin with one-part HCI
(10%) for 10 min before letting the solution settle and then decanting off the acidic
supernatant. The resin is then rinsed with deionized water by filling the container,
stirring the solution for a few minutes, letting it settle and discarding the supernatant.
The rinsing step is repeated until the supernatant has the pH of deionized water. The
resin is now activated and should not dry out. The activated resin needs to be stored
in deionized water until it is in use.

The HSS analysis is performed by adding 2 g of the sample to 40 mL of activated
resin and 40 mL deionized water, noting the exact mass of the sample. The beaker is
partly covered with i.e. parafilm or a watch glass and is magnetically stirred at 70 °C
for 1 h. After the solution has cooled down and the resin settled at the bottom of the
glass, the supernatant is carefully poured through a frit, to avoid resin particles in the
liquid, and into another beaker. 40 mL deionized water is added to the resin and stirred
for a couple of minutes before allowing the resin to settle again. This supernatant is
also gently decanted through the frit and into the same beaker as the previous
supernatant. This rinsing step is repeated until the supernatant has the pH of deionized
water, normally 3-4 times, combining all the supernatants. The combined
supernatants are then titrated with 0.05 M sodium hydroxide (NaOH) using a
Metrohm 702 SM Titrino automatic titrator until the end point of pH 5-6. The
concentration of HSS is calculated from the amount of NaOH used to reach end point,
using Eq. 4.2. All samples were analysed in 2 parallels and the average of these are
given as the result. The maximum deviation between the two parallel analyses should
not exceed 5%. Blank samples should be analysed regularly.
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The anion exchange resin can be regenerated by covering it with HCI (10%) and
stirring it, partly covered, at 70 °C for 1 h. The solution is allowed to settle and cool
before the acid is gently decanted and the resin repeatedly rinsed with deionized water
until the liquid shows the pH of deionized water.

To validate the HSS analysis, “artificially degraded” samples of MEA were analysed
as unknowns. These were made by adding known concentrations of formic, acetic,
oxalic and/or glycolic acid to a 30wt% (aq.) solution of MEA. The analysis of these
artificially degraded samples gave a maximum deviation of + 0.007 mol kg™ or + 7%.

4.4.3 Winkler titration

The Winkler method is a colorimetric titration technique for the determination of
dissolved oxygen in aqueous solutions (Winkler, 1888). The dissolved oxygen is
bound by divalent manganese (Mn?*) in a manganese chloride (MnCl,) or sulphate
(MnSQOy) solution, forming a white manganese(IV)oxide (MnQO;) precipitate. Upon
hydration, brown MnO(OH): is formed.

2Mn?* + 0, + 20H™ - 2MnO, + 2H,0 - 2MnO(0H), Eq. 4.3

Potassium iodide (KI) and sulfuric acid (H2SO4) are then added to the solution,
forming iodine (lI2) in equal proportion to the amount of dissolved oxygen in the initial
solution.

2MnO(OH), + 21~ + 4H* - 2Mn?* + 1, + 3H,0 Eq. 4.4

A starch indicator is then used to recognize the equivalence point in a titration with
thiosulfate solution (NaxS:03), which gives a characteristic dark purple colouration
of the solution with 15 (formed from I + 1), but not with I, giving a loss of colour
when all I is consumed.

I, + 25,02 — 25,02 + 21~ Eq. 4.5

It is of upmost importance to maintain the bottle where the reactions take place out
of contact with air during the titration, as oxygen from the air influences the result of
the titration. All Winkler titrations in this work were performed using a commercially
available test kit purchased from Hanna Instruments (HI-3810).

Since the second step of the Winkler method (Eq. 4.4) depends on acidification with
a strong acid to form highly volatile I, the direct Winkler titration method is not
suitable for determination of dissolved oxygen in alkaline solutions. Wang et al.
(2013) therefore developed an indirect Winkler titration method for alkaline
solutions, which includes adding thiosulfate before the acidification, and titration
with a potassium iodate (KIOs) solution to determine the amount of excess
thiosulfate. This method was not used in this thesis.
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4.5 Chromatography

Chromatography methods allow the separation of components from a mixture where
they are dissolved in a mobile phase (liquid or gas), and passed through a solid phase,
where they are separated based on their properties. Chromatography coupled with a
detection method therefore allows for single components to be identified and
guantified. One gas chromatography (GC) method and two liquid chromatography
(LC) techniques were used in this work.

45.1 Gas chromatography

Gas chromatography (GC) was performed on an Agilent 7890A GC-MS system
according to the description found in chapter 5.

45.2 Liquid chromatography

Quantification of ethanolamine (MEA) and some degradation products was
performed by LC-MS/MS as SINTEF using the method shortly described in chapter
6.

4.5.3 lon chromatography

lon chromatography (IC) is a subcategory of liquid chromatography, where ionic
components, dissolved in water, are separated based on their affinity to a solid phase.
Anion and cation chromatography with conductivity detection were used for
guantifying both single amines and anionic degradation compounds. The ion
chromatograph is an instrument that is very sensitive to change and requires a lot of
maintenance. Ideally, the instrument should be in continuous operation, with a
constant solvent flow through the column. Vevelstad et al. (2012) discussed the
challenges with using IC as an analytical tool for degraded amine solvents, addressing
matrix effects, and separation challenges. These challenges were also observed in the
scope of this work.

45.3.1 Cation chromatography

Single amine compounds can be separated by cation chromatography, due to their
ability to get protonated in presence of an acidic eluent. The method used is based on
that developed by Fytianos et al. (2015). The eluent used for separating the amines
was in this case a 15 mM methanesulfonic acid (MSA), prepared freshly once a week
with water from an ICW-3000 Millipore purification system. The instrument used
was a Thermo Scientific™ Dionex™ ICS-5000 system, with a Thermo Scientific
Dionex lonPac™ CS19 analytical column (2 mm - 250 mm) and a CG19 guard
column (2 - 50 mm). An eluent flow of 0.300 mL min was used, the temperature of
the column compartment was 30 °C and the cell compartment 25 °C. A 20 min
method sufficed to elute all the studied amines, although for smaller amines like MEA
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15 min sufficed. A suppressor current of 11 mA was used to suppress the background
noise of the conductivity detection.

Not all amines were quantified in this manner due to a series of problems with the
instrument, not allowing further analysis on the cationic system despite of replacing
almost every replaceable component of it.

4.5.3.2 Anion chromatography

In an opposite manner to cation chromatography, anion chromatography is based on
the detection of negatively charged species, that i.e. get deprotonated in the alkaline
eluent. Acetate, formate and oxalate were quantified using a Thermo Scientific™
Dionex™ [CS-5000 system located at USN Porsgrunn, with a Dionex™ AGI11-HC
RFIC™ analytical (4 - 250 mm) and guard column (2 - 50 mm) and conductivity
detection. The column compartment was kept at 35 °C and the cell temperature at
30 °C. A gradient of potassium hydroxide (KOH), generated by an eluent generation
(EG) system, was used as the eluent, with the program given in Table 4.1. Standards
of the organic acids were prepared in the concentration range from 1 to 30 ppm and
the degraded amine samples were diluted between 1:100 and 1:350 with deionised
water, depending on their known total content of heat stable salts (HSS). All standards
and samples were filtered from any remaining particulate matter before analysis and
peak areas were used for calculating the concentrations of the anions.

Table 4.3: KOH gradient used in the anion IC analysis of formate, acetate and oxalate in degraded amine
samples

Time CkoHstart [MM] CkoH stop [MM]
0-30 3 3

30-32 3 30

32-52 30 30

52-54 30 60

54-64 60 60

64-66 60 3

66-74 3

The anion chromatographic system at NTNU, Thermo Scientific™ Dionex™ ICS-
5000 IC system, connected to an ICW-3000 Millipore water purification system and
equipped with an ASRS300 suppressor (2mm), a carbonate removal device and
conductivity detection was used to quantify iodide in the oxidatively degraded Kl
SAS solutions. The column was a 15lonPac 2x250mm with an AG15 guard column
2x50mm and column temperature 30 °C. An eluent generator provided the gradient
given in Table 4.2. Quantification of iodide concentrations were performed based on
calibration in a concentration range of 0-116 ppm of iodide in the form of Kl and
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dilution of the fresh and degraded samples to the corresponding concentration range.
Peak areas were used for calculating iodide concentration.

Table 4.4: KOH gradient used in the anion IC analysis of iodide in the KI SAS solutions.

Time CkoH,start [MM] CkoH,stop [MM]
0-10 13 13

10-15 13 45

15-49 45 45

49-60 13 13

46 TOC/TIC/TN

CO; concentrations and CO, loadings of amine solutions were determined by total
inorganic carbon (TIC) analysis on a Shimadzu TOC-Lcpy instrument. Total nitrogen
(TN) analyses were also performed on the same instrument, on its TN-unit. The total
organic carbon (TOC) instrument can quantify total carbon (TC), TIC content as well
as indirectly by performing both these analyses, TOC.

Catalytic NDIR TC
combustion
Sample
Sparging
with H;PO, L Tic

Figure 4.7: Schematic of the TC and TIC analysis on the Shimadzu TOC-LcpH analyzer.

The sample is diluted in purified water to contain a concentration of TIC, TC or TN
>500 ppm prior to analysis. As shown in Figure 4.5, TC is quantified by combustion
of the sample over a platinum (Pt) catalyst at 680 °C and in the presence of air, prior
to nondispersive infrared detection (NDIR) of carbon in the form of CO,. TIC
analysis is performed by sparging the sample in phosphoric acid (HsPO.) to release
all inorganic carbon as CO», which is also quantified by NDIR.

TN analysis is performed by catalytic combustion of the sample over the same Pt
catalyst as the TC analysis, at 720 °C. All bound nitrogen is converted to nitrogen
oxide (NO) which is added ozone (Os) to form excited nitrogen dioxide (NO2*)
according to Eq. 4.6.

NO + 05 > NO% + 0, Eq. 4.6
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TN is then quantified in a chemiluminescence detector, based on the specific
relaxation energy (hv) of NO>* as shown in Eq. 4.7.

NO3 - NO, + hv Eq. 4.7

4.6.1 TIC analysis

The amine samples were usually diluted 1:100 in Millipore water, as their original
concentration of around 2-5 mol.mine kg solution ensured a TIC concentration
< 500 ppm. The method parameters for the TIC analysis were an injection volume of
50 pL and triplicate analyses. Limitations for the method to give a result was that
either SD < 1 or CV < 2% for the average of the three injections. The method was set
to replace the HsPO, for each sample. Standards of known concentration of TIC were
always run alongside with the unknown samples and the deviation from known
concentrations were always below + 3%. Calibrations were performed regularly, at
the latest when the deviation between known and measured concentrations in
standard solutions exceeded 3%.

4.2.1. TN analysis

For the TN analysis, the amine samples were diluted between 1:500 in Millipore
water, as their original concentration of around 2-5 molamine kg solution ensured a
TN concentration < 500 ppm. The method parameters for the TIC analysis were an
injection volume of 40 pL and triplicate analyses and the oven temperature was set
to 720 °C. Limitations for the method to give a result was that either SD <1 or
CV < 2% for the average of the three injections. Standards of known concentration
of TN were always run alongside with the unknown samples and the deviation from
known concentrations were always below =+ 3%. Calibrations were performed
regularly, at the latest when the deviation between known and measured
concentrations in standard solutions exceeded 3%.

4.2.2. Calibration of TN and TIC

For all analyses at least two calibration ranges are recommended, to achieve higher
accuracy. The approach that has been used in this work is calibration from 0 to 150
ppm and 150 to 500 ppm for the TIC analysis and 0-200 ppm and 200-500 ppm in
the TN analysis. Calibration standards for the TIC analysis are prepared from sodium
bicarbonate (NaHCOs3) and TN potassium nitrate (KNQOs) for unknown nitrogen
species, although calibration with the amine species to be analysed for gives the
highest accuracy (Laukvik and Laukvik, 2019). Typical calibrations for TIC analysis
were 0, 25, 50, 100 and 150 ppm TIC standards for the lower range and 150, 200,
300, 400 and 500 ppm TIC for the higher concentration range. The peak areas
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resulting from the analysis of the calibration standards correlated linearly with the
concentrations with R?> 0.999.
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Chapter 5

Measurement and prediction of oxygen
solubility in post-combustion CO> capture
solvents

This chapter contains a paper about measurement and prediction of
oxygen solubility, published in the International Journal of Greenhouse
Gas Control, January 2021. It comprises both experimental and
modelling approaches to the topic and fills a gap in the understanding of
the presence, concentrations, and impact of oxygen in amine solvents.
The results imply that mass transfer of oxygen may be the limiting factor
for oxidative degradation of unstable amines such as MEA. This is an
important factor to consider in the development of oxygen removal
technologies if they are intended for use in rapidly degrading amine
solvents.
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Abstract

This work aims to understand oxygen solubility in pure and aqueous amine solvents
for CO, capture. Commercially available dissolved oxygen sensors were studied to
evaluate whether these can be used for measuring oxygen solubility in the carbon
capture processes. It also aims to understand the possible discrepancies from realistic
concentrations of oxygen when using a dissolved oxygen sensor. Two independent
measurement principles were used for this purpose, both electrochemical and optical.
Furthermore, a Winkler titration method was used to aid the validation of the sensors
as well as understanding salting-out effects. A simple model for predicting oxygen
solubility in CO2-loaded ethanolamine solutions was made, which also has potential
for predicting oxygen solubility in other loaded amine solutions.

The results of the study show that dissolved oxygen sensors may be applied for
measurement of oxygen concentrations in amine solutions and that the different
amines and different concentrations in water only show small variations in oxygen
solubility. The sensors may also be used in CO,-loaded amine solutions, but here the
increased conductivity of the solution may give a higher measured concentration of
oxygen, than itis in reality. In ethanolamine, the consumption of oxygen is faster than
the mass transfer of oxygen from gas to liquid phase, giving lower concentrations of
oxygen than it should be in absence of a chemical reaction between oxygen and
amine.
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5.1 Introduction

The capture and storage of CO- from large emission sources (CCS) has to play a key
role for reaching the target of not exceeding 1.5 °C increase of global average
temperatures, concludes the Intergovernmental Panel on Climate Change (IPCC) in
their report from 2017 (Rogelj et al., 2018). CCS allows for carbon (in form of CO,),
that would otherwise be released to the atmosphere and contribute to global warming,
to be returned underground to safe and permanent storage. There are many studied
technologies for CO. capture and of those, flue gas scrubbing with liquid amine
solvents is one of the most mature technologies. (Kohl and Nielsen, 1997; Leung et
al., 2014; Rochelle, 2009). Liquids have inherent gas absorption properties and can
physically absorb gases to some extent (Battino and Clever, 1966). Solvents with
amine functions are, however, also chemically reacting with some gases, among these
COs.. The amines can more selectively, and in higher concentrations than physical gas
absorption, bind the gas molecules. In this process, a solvent reversibly binds CO; at
low temperatures in an absorber column and is released at high temperatures in a
desorber column.

Because the reaction is reversible, the amine solution is circulated and reused
continuously. The harsh operational conditions to which the solution is subjected,
contact time with all flue gas components and construction material, as well as high
temperatures in the desorber, can lead to amine degradation over time (Gouedard et
al., 2012; Mazari et al., 2015; Meisen and Shuai, 1997; Reynolds et al., 2016).
Oxidative degradation, the degradation that occurs in the presence of oxygen is a
complex problem that can lead to corrosion, solvent and equipment replacement
costs, and interruption of operation time (Dhingra et al., 2017; Goff and Rochelle,
2004; Rieder et al., 2017). For oxidative degradation reactions to take place they
require presence of oxygen (O), and the main source for oxygen is the gas phase
molecular oxygen present in the surrounding air or in the flue gas. It is commonly
assumed that most of the oxidative degradation reactions take place in the absorber
column where the oxygen concentration is the highest, because this is where the
solvent is in contact with the flue gas and the temperature is the lowest in the process
(da Silva et al., 2012).

Laboratory experiments, where oxygen rich gas has been bubbled through aqueous
amine solutions, have shown that there is a correlation between the amount of oxygen
and the amount of oxidative degradation observed; increasing the oxygen pressure
leads to increased rate of oxidative degradation (Supap et al., 2001; Vevelstad et al.,
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2016). Further, post combustion CO; capture pilot studies have shown that the loss
of amine, caused by degradation into other compounds, increases linearly with the
concentration of oxygen in the treated flue gas (Léonard et al., 2015). As a means of
avoiding or limiting the extent of oxidative degradation, addition of oxygen
scavenging compounds is a proven and commercially available method of reducing
oxidative degradation in carbon capture plants (Fytianos et al., 2016; Léonard et al.,
2014; Supap et al., 2011; Veldman and Trahan, 1997). These scavengers react
stoichiometrically with dissolved oxygen and reduce the occurrence of oxidative
degradation in the amine solution. However, another issue arises when the scavenger
molecules are used up and removal of used-up scavenger, as well as addition of fresh
scavenger has to be performed (Léonard et al., 2014). Together with this, undesired
side effects such as foaming and cross-reactions with the solvent or other products
can also occur with the direct contact of the solvent with the scavenger, as has been
observed with corrosion inhibitors and other additives (Chen et al., 2011; Thitakamol
and Veawab, 2008). To simplify operation of the carbon capture plant, a simpler way
of eliminating molecular oxygen and thereby avoiding oxidative degradation would
be preferred.

Because experimental observations show that oxygen pressure plays an important
role in degradation, oxygen solubility is, also, a parameter in models attempting to
predict oxidative solvent degradation (Pinto et al., 2014) under the assumption that
its solubility in amines is similar to that of water.

The solubility of oxygen and other gases in non-reactive liquids is an inherent
property and it depends on partial pressure of the gas and the temperature, as
described by Henry’s law given in equation 1
__ CiRT
= e

HP )
where Henry’s law constant (HP) is correlated to the liquid-phase (C;) and gas phase
concentrations (Cgy) of the gas component (in this case O), as well as the ideal gas

constant (R) and temperature (T') (Henry, 1832).

02(9) 2 02(aq) )
CO2(g) = COz(aq) ®)
CO,(aq) + H,0(l) + MEA(aq) 2 HCO;™ (aq) + MEAH* (aq) 4)
HCO3™ (aq) + MEA (aq) 2 MEACO, (aq) + H,0(0) (5)

In addition to the physical solubility of gases (Eq. 2 and 3), CO, will chemically react
with the amine in the solution. Depending on the type of amine, different reaction
products are formed. For instance, a primary amine like ethanolamine (MEA) forms
carbamate and protonated MEA (MEACO,~ and MEAH™, Eq. 4 and 5) when reacting
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with CO2, while a. tertiary amines form (bi)carbonate and protonated amine species
(Danckwerts, 1979; Puxty and Maeder, 2016). Bicarbonate (HCO; ™, Eq. 4) is also
formed in reaction with water. Carbamates, as well as bicarbonate, are ionic species
which will change the ionic strength of the solution when formed from non-ionic
compounds, a factor that influences oxygen solubility, known as a “salting in” or
“salting out” effect (Schumpe et al., 1978).

The existing techniques for the quantification of dissolved oxygen include Winkler
titration (Montgomery et al., 1964; Winkler, 1888), by means of gas chromatography
in a molecular sieve column with thermal conductivity detection (GC-TCD) (Park
and Catalfomo, 1964) and using electrochemical (polarographic) dissolved oxygen
sensors. The titration method described by Winkler in 1888 is very accurate for
aqueous samples with low or no alkalinity but is not directly applicable for the
titration of amines. Quantification using an electrochemical sensor is a highly
desirable method for industrial applications (Rooney and Daniels, 1998; Wang et al.,
2013); it offers a fast, cheap and direct measurement that can easily be coupled online
in a gas sweetening process. One of the challenges of the dissolved oxygen sensors
is however the ionic strength of the solutions, which increases the conductivity and
thereby enhances the electrochemical signal which is perceived by the sensor. The
effect that the increased ionic strength has on the dissolved oxygen sensors is
experimentally investigated in this work and compared to the predictions of the
Schumpe model for gas solubility in aqueous electrolytes. Membrane transport of
liquid or gas phase oxygen to the electrode of the sensor through the oxygen selective
membrane of the electrochemical sensor is also studied in this work, to see if the
presence of CO, impedes oxygen transport to the electrodes, as this type of membrane
also is permeable to other small gas molecules (Bhattacharya and Hwang, 1997).

There are three main types of dissolved oxygen sensors, all designed for
quantification of dissolved oxygen in water: polarographic, galvanic and optical.
Polarographic, or “Clark” sensors (Clark, 1959), based on the same working principle
as galvanic dissolved oxygen sensors, being selective reduction of O, but the
galvanic type has a faster response time. The third type of dissolved oxygen sensors
is optical, which relies on an oxygen-sensitive fluorescent dye, a light emitting diode
and a photodetector to measure oxygen concentration in the solution. In this study
sensors both the galvanic, electrochemical and the optical type have been used and
compared.

The need for quantifying dissolved oxygen is not solely interesting for degradation
modelling purposes mentioned above, but also for the development of oxygen
removal technologies (Monteiro et al., 2018), where oxygen concentration needs to
be quantified both before and after removal. The ideal analysis method should be
direct (no sample processing), as this evades the issue of taking a sample for further
processing, both decreasing the amount of work and sources of error. As already
described, the solubility of oxygen is dependent of partial pressure and temperature,
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so that even small changes in either of these parameters, which is likely to happen
during sample processing, could influence the measurement greatly. A further
challenge for the measurements is the very low concentration range in which oxygen
can be present. Any measurement method for dissolved oxygen needs to be sensitive
enough to detect and quantify concentrations of oxygen in the low ppm-range (< 8

ppm).

This work has studied if different parameters, such as amine structure and
concentration, as well as CO; loading, influence oxygen solubility. The
methodological emphasis in this work was on electrochemical and optical dissolved
oxygen sensors, because of their simple operation and potential for online
measurements. Additionally, a promising modelling approach was used to predict
oxygen solubility in CO- loaded amine solutions. The results of this study deepen the
understanding of the extend of oxygen solubility in CO- loaded and unloaded amine
solutions and how oxygen concentrations can be measured. The results also indicate
that oxygen mass transfer is a limiting factor in the oxidative degradation of amines.
The results of the study are an addition to the current understanding of oxidative
degradation in amine-based CO-removal, as well as giving valuable information to
those wanting to measure and understand oxygen solubility in the process.
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5.2 Materials and methods

Table 5.1: Short and trivial name, as well as structure, CAS number and key features of the chemicals

used in the experiments.
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5.2.1 Chemicals

Pure oxygen (O, N5.0) and carbon dioxide (CO2, N5.0) gas were obtained from AGA
and Linde Gas and compressed air from in-house air compression systems at NTNU
and TNO. Deionized water was obtained from local water deionization systems at
NTNU and TNO. Further chemicals and abbreviations used can be found in Table
5.1. All solutions were prepared gravimetrically.

5.2.2 Dissolved oxygen (DO) sensors

The solubility of oxygen was measured using two different electrochemical dissolved
oxygen sensors and one optical oxygen sensor, all designed for measurement of
oxygen concentrations in water. The electrochemical dissolved oxygen sensors used
are based on galvanic probes that give a measurable current proportional to the
chemical reduction of O, on a cathode. The two different electrochemical sensors
were used in this work were a HI-5421 Dissolved Oxygen and BOD Meter from
Hanna Instruments, with a HI76483 Clark-Type polarographic probe and a handheld
pHenomenal® OX 4100 H dissolved oxygen meter with a pHenomenal® OXY-11
polarographic probe, from VWR. A redox reaction gives a measurable current which
directly correlates to the oxygen concentration in the solution. Effectively, the
dissolved oxygen sensors measure the activity of O in the solution which in ion-free
conditions is the same as the concentration of O.. Since salinity influences the activity
coefficient of Oy, the sensors are provided with a correction for sodium chloride
(NaCl) salinity. This correction factor is not applicable for other salts, as all ions have
different salting-in or -out effects (Schumpe et al., 1978).

The optical dissolved oxygen sensor was a Memosens COS81D from
Endress+Hauser. This was mainly used to validate the galvanic sensor working
principle (electrochemical), to prove that a different principle (fluorescence
guenching) also measures the same concentrations of oxygen. Each experimental
section specifies which sensors have been used for the measurement and further
details on their working principles are given in the appendix.
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5.2.3 Methods
Schematics of the experimental setups used in the various experiments are depicted
in Figure 5.1.

A) Compressed air in
(before measurement)

Heating/cooling water out «—

DO probe

\ — < Heating/cooling water in

\ J

<« CO,/0,/Ny/air in

B)

Heating/cooling water out «—

DO probe

\ — <— Heating/cooling water in

\ J

C)
Sl ) NQ!COQIajr_NII

DO probe

Ilouse plug

Figure 5.1: Scheme for experimental setups A, B and C. Setup A and B are temperature controlled in a
double-jacketed reactor, whereas C is only operated at room temperature. The gas distribution tube in
setup B is moveable and maintained over the liquid surface during the measurment. Both setup A and B
use magntic stirring for mixing, whilst setup C relies on a constant flow of gas though the reactor,

eliminating the need for futher agitation.
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5.2.3.1 Experimental setup A: Oxygen solubility at ambient Oz partial
pressure

A 300 mL double-jacketed glass reactor (Figure 5.1A), which was connected to a
circulating combined heating and cooling bath, was filled with approximately 200
mL of the solution, which was cooled or heated to the experiments’ starting
temperature. When the desired temperature was achieved, compressed air was
bubbled through the solution through a sintered gas dispersion tube, under magnetic
stirring for at least 10 minutes. The gas dispersion tube was thereafter removed, for
gas bubbles not to disturb the measurement. The magnetic stirring was maintained
throughout the experiment, to ensure circulation of the liquid, maintaining the
measured concentration around the probe head constant. The concentration of
dissolved oxygen was recorded after the temperature stabilisation for each
measurement point. Further measurements of dissolved oxygen were made at stable
temperatures up to the upper operational temperature of the sensors.

5.2.3.2 Experimental setup B: Influence of CO: loading on oxygen
solubility

A 300 mL double-jacketed glass reactor (Figure 5.1B), connected to a circulating
combined heating and cooling bath, was filled with approximately 200 mL of the
solvent. Centrally supplied CO- and O, gas added through two mass flow controllers
and subsequently mixed in a stainless-steel tube, was suspended over the surface of
the solution. A thermometer was inserted into the solution and the water bath adjusted
to the desired temperature and temperature stability was awaited under a pure O
atmosphere, which was added through the gas tube suspended over the liquid surface.
Once temperature stability in the liquid was reached, the dissolved oxygen sensor(s)
was (were) inserted to the solution. A liquid sample for total inorganic carbon (TIC)
analysis (section 5.2.8) was taken and simultaneously the first measurement of
dissolved oxygen is recorded. The gas flow from the tube above the liquid surface
was adjusted to contain the desired ratios of CO, and O, and was kept constant
throughout the whole experiment. A layer of parafilm was used to make a partial
cover of the reactor, to assure that the gas phase over the liquid surface always
contained the desired partial pressures of CO;and O.. Liquid samples for TIC analysis
were taken simultaneously as oxygen concentration recordings were made,
approximately every 20 or 30 minutes.

5.2.4 Comparison of a galvanic and an optical dissolved oxygen sensor

Experimental setup A (Figure 5.1A) was used for the following experiments with
MEA, where oxygen solubility was measured with the galvanic VWR pHenomenal®
and the optical Endress+Hauser COS81D dissolved oxygen sensors at room
temperature with low loadings of 0.03 and 0.1 molco. molvea™. The solutions were
sparged with compressed air before commencing the measurement of their oxygen
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concentrations, for reaching oxygen saturation at ambient pressure faster. Since MEA
is commonly known as an unstable amine which degrades rapidly oxidatively, a very
stable tertiary amine, MDEA, was also investigated. This was to see if a polarization
of the oxygen selective membrane to inhibit oxygen permeation could occur with
CO,, which would be an operational problem with CO- present in the solutions. This
experiment would also show if degradation rates can be assessed with the commercial
sensors. A solution of 30wt% MDEA (aqg.) with a loading of 0.4 mol of CO; per mol
MDEA was studied using experimental setup A (section 5.2.3.1). The solution was
sparged with compressed air for 15 minutes after reaching temperature stability at
20 °C. Before measuring the oxygen concentration, the gas dispersion tube was
removed, and the two sensors and a thermometer were inserted into the liquid.
Temperature and oxygen concentration stability was awaited, before the first
concentration and temperature point were noted. The liquid was slowly heated up and
temperature and oxygen concentration measured by the two individual sensors were
recorded regularly. Because of the high oxygen consumption rate, the same
experiment could not be performed with MEA with CO, loading.

5.2.5 Study of possible CO: effects on dissolved oxygen sensors

5.2.6 Solubility of oxygen in water using three different gas phase
compositions

Experimental setup B (Figure 5.1B) was filled with deionized water and partly closed
using parafilm. The water was then sparged with a specific gas composition, provided
by two mass flow controllers, for 10-15 minutes at 20 °C, the temperature being kept
constant at 20 °C using the combined heating and cooling bath. The gas distribution
tube was then placed above the liquid surface with gas still being distributed into the
gas phase of the partly closed system and the Endress+Hauser COS81D dissolved
oxygen sensor submerged in the liquid. Stability of the signal was awaited for 10-15
minutes and the temperature and concentration of oxygen measurement was noted.
Three gas mixtures were studied using this setup: N, with air, CO, with air and pure
air.

5.2.7 Gas phase oxygen measurement with the optical sensor

In experimental setup C (Figure 5.1C), a 1.3 L glass reactor was added gas mixtures
of different compositions, which were investigated using the Endress+Hauser
COS81D dissolved oxygen sensor. Gas flows were controlled using two Bronkhorst®
mass flow controllers, which supplied the gas at the top of the reactor and could
escape through a small opening in the bottom of the reactor. The constant flow of the
gas through the reactor ensured agitation around the sensor head, ensuring reliable
oxygen solubility measurements. Stability of the signal was awaited for 10-15
minutes and the temperature and concentration of oxygen measurement was noted.
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Three compositions of air, CO, and N, were investigated, all at a room temperature
of about 20 °C.

5.2.8 Analytical methods

A Shimadzu TOC-Lcpn in Total Inorganic Carbon (TIC) mode was used for the
determination of the amount of CO, (as the only inorganic carbon species) in the
solution. Amine titration with H,SO4 determined the exact amine concentration and
from this, the exact CO; loading («) of the solution was determined (Ma'mun et al.,
2006). All samples were analysed twice, yielding a relative deviation of <2% for both
methods, both comparing two parallel analyses and when analysing standards of
known concentrations.

Winkler titrations were performed using a HI-3810 Chemical test Dissolved Oxygen
kit from Hanna Instruments. The quantification of dissolved oxygen relies on the
reactions given in Equations 6, 7 and 8.

2Mn?* + 0, + 40H™ - 2MnO, | +2H,0 - 2MnO(0H), (6)
MnO(OH)Z + 217 + 4H+ i 12 + Mn2+ + 3H20 (7)
I, + 25505 - 25,0%™ + 21 8)

An Agilent 7890A GC-MS was used in Electron Spray Impact ionization mode (ESI)
with an Equity™ — 1701 Fused silica capillary column (30 m x 0.25 mm film
thickness) and helium as the carrier gas. The quantification of dissolved oxygen was
performed by a triple quadrupole mass spectrometer, by Single lon Monitoring (SIM)
of the fragment and molecular ions of oxygen, m/z = 16 and m/z = 32. These ions
appear in the very start of the chromatogram before any other compounds elute.

5.2.9 Modelling

The solubility of Oz in CO; loaded and unloaded 30 wt% MEA solutions and
concentrated NaCl solutions was estimated using the model of Weisenberger and
Schumpe (1996). The model is suitable for predicting gas solubility into electrolyte
solutions with concentrations up to 2 — 5 m® kmol* and has been widely used in the
literature. (Chatenet et al., 2000; Haug et al., 2017; Knuutila et al., 2010). The model
expression is given in Equation 9.

(9)

C
log (ﬂ) =X(h;i + he)e;
Co
In the equation Cgp and Cg are the gas solubility in water and in the electrolyte

solution, respectively, h;is the ion-specific parameter, hg is the gas-specific parameter
and c; is the concentration the ion. The temperature dependence of the gas-specific
parameter is given in Equation 10.
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hG:hG,0+ hT(T-29815 K) (10)

here hgis a gas-specific parameter, hr is a gas-specific parameter for the temperature
effect and T is temperature.

In this work, the solubility of O in water, Cy, o with unit mol dm, was determined
using the correlation given in Equation 11 proposed by Xing et al. (2014). In the
equation po, is the partial pressure of O, above the solution,

; 55.56p0, (11)
0,0 =
7 exp (3.71814 N 55979.17 ~ 1047?2668) o,

The ion concentrations in CO- loaded 30wt% MEA (ag.) solutions were determined
from NMR speciation data reported by Bottinger et al. (2008) and density data needed
to convert mole fractions to molar concentrations were taken from Hartono et al.
(2014).

The gas-specific parameter for oxygen in Equation 9 are reported in literature.
However, since the ion-specific parameters for protonated MEA (hygpag+) and
carbamate (hyeacoo-) Were unknown, they were determined by fitting Equation 9 to
experimental N2O solubility data for CO. loaded 30wt% MEA (ag.) solutions at
40 °C reported by Hartono et al. (2014). Since N,O does not react chemically with
the amine, it offers data for only the physical absorption in the liquid phase, which is
then used to calculate the ion specific parameters. The Henry’s law constant for N.O
in water was determined using the correlation given in Equation 12, provided by
Penttila et al. (2011), and the partition coefficient expressed in Equation 13 was
calculated to be used as the Cg o value for NO at 40 °C.

9048.596 (12)

Hy,o0,w = €xp (158.245 - -20.860In7-0.00252 T)

_RT (13)
=g
5.3 Results and discussion

5.3.1 Schumpe model and parameter fitting for estimation of oxygen
solubility

The Schumpe model was used to represent the solubility of oxygen into water and
salt solutions using parameters from literature. However, the model can also be used
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to predict oxygen solubility of agueous amine solutions, if data for physical solubility
of N-O and speciation in CO- loaded solution is available. A theoretical prediction of
oxygen solubility in loaded amine solutions, based on the effects of the ionic species
in the solution has not yet been made for MEA. Using the literature and fitted ion
specific constants given in Table 5.2, the predicted shown in Figure 5.2 were
calculated, proving that the model can accurately represent the N2O solubility in
loaded 30wt% MEA. The constants needed for calculating the O, and N2O solubility
into CO; loaded 30wt% MEA (aq.) solutions and in concentrated NaCl solutions are
given in Figure 5.2. The performance of the model to predict Oz-solubility using the
fitted parameters will be discussed in section 5.3.4.3 and Figure 5.6.

Table 5.2: Parameters for Equation 1 and 2. The ht,ivalue for Oz is valid from 273 K to 353 K and that
of N20 is valid from 273 K to 313 K.

Parameter Unit Value Reference

Rypan+ m® kmol* 0.0133 This work

hyEeacoo- m?® kmol* 0.1284 This work

hycos m?® kmol* 0.0967 (Weisenberger and Schumpe, 1996)
hyg+ m?® kmol* 0.1143 (Weisenberger and Schumpe, 1996)
her- m?® kmol*! 0.0318 (Weisenberger and Schumpe, 1996)
h on,0 m?3 kmol?! -0.0085 (Weisenberger and Schumpe, 1996)
h6 0,0, m?3 kmol* 0 (Weisenberger and Schumpe, 1996)
hr.o, m® kmol* K | -0.000334 (Weisenberger and Schumpe, 1996)
hr n,0 m® kmol? K | -0.000479 (Weisenberger and Schumpe, 1996)
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Figure 5.2: The Henry’s law constant for N2O at 40 °C in MEA 30wt% (aq.) solutions at different
loadings. (o) Hartono et al. (2014) and (x) the model of Weisenberger and Schumpe (1996).
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Figure 5.3: Oxygen solubility of 30wt% (aq.) MEA measured with three different dissolved oxygen
sensors and compared to data from Wang et al. (2013). Solubility measured at po2 = 0.21 atm.
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5.3.2 Validation of the oxygen sensors with CO2 unloaded solutions

Solubility of oxygen was measured in water (results in the appendix) and in 30wt%
(ag.) MEA by the three dissolved oxygen sensors was compared to available literature
data. The results of this validation experiment can be found in Figure 5.3. In MEA
30wt% (aqg.), the maximum absolute deviation between the dissolved oxygen sensors
in this work was + 0.6 mg L™ (13%, in the higher temperature range) and the
maximum absolute deviation comparing the measured oxygen solubility to literature
values from Wang et al. was 1.4 mg L (13%, in the higher temperature range). It
should be noted that Rooney and Daniels (1998) and Wang et al. (2013) used
polarographic dissolved oxygen probes for their dissolved oxygen measurements.
Polarographic dissolved oxygen sensors use the same principle of detection as
galvanic probes; therefore, the same oxygen selective cathode reactions apply.

All oxygen selective membranes are also selective towards carbon dioxide, , the effect
of varying the gas phase composition between O, N2 and CO, was studied in both
water (described in section 5.2.6, results in Supplementary table 4) and gas phase
(described in section 5.2.7, results in Supplementary table 5). No significant
difference could be observed between measurements in mixtures of air and N>, and
air and CO,. Replacing half the air with either of the two other gases, gave half the
concentration of oxygen measured with only air, although a small difference can be
seen in the gas phase experiment, which can potentially be explained either by the
sensor being slightly less accurate in air, or the experimental setup not being ideal for
this type of experiment. Either way, dissolved or chemically bound CO, does not
appear to influence the dissolved oxygen sensor.

Overall, the validation experiments and comparison with literature data for oxygen
solubility in amine solutions and water, measured with comparable sensors, show a
good agreement. This means that the sensors can be assumed to work in the same
manner as other sensors from other brands and with slightly different working
principles.

5.3.3  Winkler titration and GC-MS analyses

Oxygen solubility in selected solutions was also measured using Winkler titration.
The quantification principles of dissolved oxygen using an electrochemical sensor
and by performing a Winkler titration are different, but both are species-specific for
measuring only dissolved oxygen. The electrochemical sensor gives a signal based
on the current created from the cathodic reduction of O, to H,O., while the titration
relies on reduction of O, to form a MnO; salt. These independent methods show the
same concentration of oxygen in pure water, but upon addition of salt, they deviate
from one another. As Winkler titration method is not suitable for measuring the
concentration of oxygen in amine solutions with a high pH, only agqueous solutions
with NaCl or MEG because of their neutral pH, were analysed. Other disadvantages
of a titration method in this case are the challenges related to sampling. Sampling will

143



involve change of temperature and oxygen pressure, which in turn influences the
oxygen solubility of the sample, additionally the amine solutions used for CO,
capture are alkaline, a trait that is not compatible with the necessary acidification of
the sample. All in all, these disadvantages make Winkler titration a bad alternative in
industrial applications.

Further, as an attempt to find an additional independent validation method, a GC-MS
study was performed for pure amine solutions, saturated with oxygen at normal
atmospheric oxygen pressure (poz = 0.21 atm) by sparging with air. The possibility
of using a GC-MS quantifying the molecule ions with m/z 16 and 32 in the pre-elution
peak of a fused silica capillary column, was also tested in this work. Since the
dissolved gas molecules are not retained in the column, the assumption that all the
gas would elute before the rest of the sample was made, and indeed a pre-
chromatogram peak containing only the m/z 14 and 28 (N* and N,") in addition to 16
and 32 (O* and O,*) was seen. In different solvents, this peak’s size varied, sometimes
in orders of magnitude, in different amines and solvents and the reproducibility was
poor (repeated analyses gave standard deviations >30%). This validation attempt was
therefore abandoned. A MS method for oxygen quantification could maybe become
useful if it would be possible to retain the analytes in the chromatographic column in
the future. If a GC method should be used, the results suggest that a molecular sieve
(for gas separation) with a pre-column (for removal of solvent/liquid) GC-TCD
method (Park and Catalfomo, 1964) would be recommended, although this
equipment is not very common. Because of this, we were not able to access an
instrument for testing the GC-TCD method in this work. It is also unsure whether this
detection method would be able to quantify such low concentrations of oxygen.

5.3.4 Oxygen solubility in amine solutions

5.3.4.1 Oxygen solubility in different concentration of MEA (aq.)

The concentration of amine in water changes the physical properties of the liquid like
viscosity and density. To study whether varying the concentration of amine also
influences the oxygen solubility of the solvent, aqueous solutions of ethanolamine
(MEA) were prepared and their oxygen solubility measured at different temperatures
and compared to pure MEA and water.
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Figure 5.4: Oxygen solubility in various concentrations of MEA at varying temperatures at
poz = 0.21 atm. The shown oxygen solubility is the average of the measured solubility from the two
different probes.

The experiments were performed using the two electrochemical dissolved oxygen
sensors and experimental setup A (section 5.2.3.1). The results given in Figure 5.4
show a small deviation (17% deviation and + 1.6 mg L* in the lower temperature
range, 11% and 0.6 mg L* above 20 °C) from the oxygen solubility in water. These
observations agree with those of Wang et al. (2013), who concluded that the presence
of MEA in an aqueous solutions does not significantly influence the concentration of
dissolved oxygen compared to pure water. For further comparison, Henry’s law
constant (H®) was calculated from the measured solubility and pressure and these
results show no significant difference from the Henry’s law constants of water
reported in literature (can be found in the supporting information).
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Figure 5.5: Oxygen solubility of pure solvents as a function of temperature, all measured at
poz = 0.21 atm.

5.3.4.2 Oxygen solubility in pure amine solvents

The structural variations in different amines, suggest that the oxygen solubility could
vary, as other chemical and physical properties of the solvents do. For the purpose of
investigating this, amines with a relatively wide array of structural variation were
subjected to the same conditions.

Oxygen solubility was measured and compared in structurally different amines at
varying temperatures, using experimental setup A (5.2.3.1) and both electrochemical
dissolved oxygen sensors. A primary (MEA), a secondary (2-methylaminoethanol,
MMEA) and a tertiary alkanolamine (2-(dimethylamino) ethanol, DMMEA), as well
as an aromatic amine (benzylamine), a diamine (1,2-diaminopropane, 1,2-DAP) and
an ether of a primary alkanolamine (2-(2-aminoethoxy) ethanol, DGA) were studied,
and the measured oxygen solubility of the amines are shown in Figure 5.5. Pure amine
solutions also show a very similar oxygen solubility to water, with very little
variation. A study of amine viscosity and density showed that for alkanolamines, the
oxygen solubility seems to decrease with increasing viscosity and density, an effect
that could be related to the strength of hydrogen bonding in the solution. Detailed
information about this can been found in the appendix.

5.3.4.3 Influence of COz2 loading on oxygen solubility

An increase in ionic strength, such as achieved by loading an amine with COy, leads
to decreasing oxygen solubility. This effect is described by the ability of the ionic
species to influence the dissolved oxygen activity coefficient and is commonly known
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as the “salting out effect”, vice versa, ions that decrease the dissolved gas’ activity
coefficient can cause a “salting in effect” (Battino and Clever, 1966).

When an amine is used for CO; capture, the solution always contains CO,, even at
“lean” loadings. Therefore, experiments with pre-loaded solutions of MEA were
studied at different temperatures. Aqueous solutions of MEA were loaded with pure
CO- to obtain loadings in the range of 0.07-0.4 mol CO. per mol amine. The amine
and CO; concentrations were determined by amine titration and TIC analysis (section
5.2.8). The ability of the solutions to dissolve oxygen was investigated at different
temperatures using experimental setup A (section 5.2.3.1) and both electrochemical
dissolved oxygen sensors. The results given in Figure 5.6 show decreasing oxygen
solubility with increasing concentration of CO- in the solution. Oxygen concentration
was also measured at the temperatures 30, 35 and 45 °C and these follow the same
trend. For illustrational purposes, only the data for the temperatures which have been
modelled are depicted in Figure 5.6, whereas the other datasets are given in
Supplementary figure 5.5. The oxygen concentration reaches a similar sudden drop
in the data series recorded at 35 and 45 °C. Whether a drop or a linear decay in oxygen
concentration is taking place already at 30 °C is unclear. These findings do, however,
indicate that at realistic process conditions, which are above 35 °C, the oxygen
concentration is likely to be severely influenced by rapid oxidative degradation of
MEA already at typical lean loadings. While the modelling approach predicts the
oxygen solubility into a MEA solutions, what is measured here, is not representative
of the physical solubility of the solvent because oxygen is being chemically consumed
through degradation reactions with loaded MEA. It can be assumed that oxidative
degradation already takes place at lower loadings, but that it seems that the
degradation reactions are slow enough for the measured dissolved O, and the model
predictions to be close to each other.
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Figure 5.6: With the adjusted ion parameters for MEAH* and MEACOO, as well as known values from
(Weisenberger and Schumpe, 1996), the solubility oxygen in loaded MEA-solutions were predicted. The
predicted solubilities are here compared to the measured solubilities at different temperatures, using the
VWR pHenomenal® dissolved oxygen sensor.

After observing the drastic drops in oxygen solubility with increasing CO; loading, a
series of experiments where oxygen partial pressure was varied were performed.
MEA solutions of 30wt% (ag.) were subjected to an O./CO, atmosphere of different,
but in each experiment constant, ratios of the two gases, using experimental setup B
(Figure 5.1B and section 5.2.3.2) and the VWR pHenomenal® sensor. This led to the
CO:; loading increasing over time. All mixing ratios of O, and CO; gave a decreasing
measured oxygen solubility in the amine solution with increasing loading (and time).
Figure 5.7 shows how the amount of oxygen in the surrounding atmosphere directly
influences the solubility of oxygen in the solutions, but with increasing CO, loading
the oxygen concentration in all cases suddenly drops. This drop indicates the point at
which chemical reaction between amine and oxygen takes place faster than oxygen
is transferred from the gas to the liquid phase.
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Figure 5.7: The solubility of oxygen decreasing with increasing CO2 loading, when left in a gas
atmosphere containing solely Oz and CO2 vol%) at 30 °C and 1 atm.

Finally, to better understand the results, the concentrations of dissolved oxygen was
measured in unloaded and loaded MDEA. The results are presented in Figure 5.8 and
in Supplementary table 13Supplementary table 5.13. When compared to data
presented in Figures 8 and 9 for MEA loaded with COx, the same unexpected drop at
higher loading was not seen in MDEA. Instead the apparent oxygen solubility
increases from 7.6 mg L in CO, free MDEA to 8.0 mg L™ when the solution was
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loaded to 0.4 mol CO; per mol MDEA at 20 °C. The same behaviour was seen with
both the optical and a galvanic sensor.
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Figure 5.8: The oxygen solubility of a solution of aqueous 30wt% MDEA (ag.) with 0.4 mol of CO2 per
mol MDEA, measured with VWR pHenomenal® galvanic and the Endress+Hauser optical dissolved
oxygen sensor at different temperatures.

The fact that CO, loaded MDEA shows a measurable concentration of oxygen and
loaded MEA not, supports the explanation of rapid consumption of dissolved oxygen
in rapidly degrading amine solutions such as MEA. It can be assumed that dissolved
oxygen sensors are able to give information about oxygen consumption rates, which
again could give indications about the amines’ oxidative degradation rates. For this
to be fully understood, mass transfer rates of oxygen from gas to liquid phase must
be known.

Furthermore, the solubility of oxygen in loaded MDEA is comparable to that of water
or unloaded MEA. Since the dissolved oxygen sensor also measures the same
concentration of oxygen regardless of N2 or CO; being present in the gas phase in
addition to Oy, it can be clear that CO; does not influence the measurement or causes
membrane concentration polarization. As both the electrochemical and optical sensor
measure the same oxygen concentrations in loaded solutions, we regard that both
sensors are free from influence of other gases.

Finally, Figure 5.6 also shows the modelling results based on the measured physical
solubility of inert N,O in loaded solutions of MEA by Hartono et al. (2014) and NMR
speciation data of loaded MEA solutions (Bottinger et al., 2008). The oxygen
solubility of solutions of MEA with CO; loading could be predicted using the model
parameters given in Table 5.2 and equations 9, 10 and 11. As it can be seen in Figure

149



5.6, where oxygen concentrations at different temperatures and CO, concentrations
are compared to the concentrations predicted by the model, a slight deviation is
observed for temperatures at 20 °C, where the measured concentration of oxygen is
slightly higher than predicted. This effect can be explained by the increased
conductivity and therefore amplification of the probe signal. At 40 °C, the deviation
is however high, due to rapid oxygen consumption at this temperature.

Despite the signal being influenced by the ionic strength of the solution, the dissolved
oxygen sensor method for determining oxygen concentrations of the amine solutions
is the simplest, and only direct, of the tested methods. Of the few other existing
options, the Winkler titration method is not suitable for use in alkaline solutions in
addition to being indirect and involving sampling, and equilibrium cell experiments
for measurement of dissolved oxygen requires high pressure, due to the low solubility
of O,. If the amines degrade rapidly in the presence of oxygen, the dissolved oxygen
sensors do not actually measure the solubility of oxygen in the solution, as it is limited
by the mass transfer from gas to liquid phase and the degradation rate of the amine.
This goes especially for CO,-loaded solutions of degradable amines like MEA and
puts a large limitation to the applicability of dissolved oxygen sensors for determining
the presence of liquid phase oxygen. Considering the results of this study, MEA
appears to consume oxygen faster than fresh oxygen dissolves from the gas to the
liquid phase, so although there is a physically inherent property of oxygen solubility
in the solution, this is not measurable. This is not due to the measurement principle,
but rather MEA’s fast degradation or reaction rate in the presence of oxygen.

5.3.4.4 Oz solubility in a degraded amine solution

A degraded amine solution contains a mixture which can contain alkaline amine,
acidic and alkaline degradation products, heat stable salts, carbamate, dissolved
metals, and other ionic components. To study the effect of degradation products on
oxygen solubility in an amine solution, a highly degraded amine solution was studied
in the same manner as lean and loaded amines were studied in experimental section
5.3.4.1 to 5.3.4.3, with varying temperature of the solution. The degraded solution
which was studied had been submitted to a three-week campaign of laboratory scale
oxidative degradation and contained less than 1% of the original alkalinity (amine
concentration). The degraded solution contained a total anionic HSS concentration of
0.75 mol/kg.

The oxygen solubility in 30wt% (aq.) MAPD (CO; free) was measured with the VWR
pHenomenal® dissolved oxygen sensor in experimental setup A (5.2.3.1) before and
after strong oxidative degradation (CO; concentration < 1 g/kg). A complete loss of
amine was found in the degraded solution, meaning that the solution primarily
consisted of water and degradation compounds. The measurement results in Table
5.3 oxygen solubility neither increases nor decreases significantly with amine loss
and increased concentration of degradation products.
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Since there is no significant difference in the concentration of an unloaded (CO,-free)
amine solution and a highly degraded solution (also as good as CO,-free), it can be
speculated that the presence of degradation compounds in the form of heat stable salts
have much less influence on the oxygen solubility than carbamate and protonated
amine formation.

Table 5.3: Oxygen solubility of 3-methylamino-1,2-propanediol (MAPD, o = 0) before and after
laboratory scale oxidative degradation over a three-week period. Oxygen solubility was measured at pO2
=0.21 atm.

MAPD 30wt% (aq.) MAPD 30wt% (ag.) degraded

Amine conc. [molkg?] | 2385 Amine conc. [mol kg'] | 0.0161
T (°C) coz [mg L1 T (°C) coz [mg L1

11.0 10.3 104 10.3

20.4 7.8 20.5 8.2

30.3 6.7 30.3 6.8

39.8 5.7 39.8 5.7

49.2 4.5 49.8 4.8

5.3.5 Significance of the results for the capture process

In an absorber column where CO- is absorbed from a flue gas, the liquid temperatures
typically vary from 40 to 80°C and as the solvent absorbs CO, the ionic strength of
the solution increases. Furthermore, typical flue gas contains generally between 5 and
14 mol% oxygen (Feron et al., 2014; Hjelmaas et al., 2017; Lombardo et al., 2014;
Moser et al., 2011a; Moser et al., 2011b; Rieder et al., 2017). These factors lead to
lower oxygen concentrations compared to those seen in this study, making the
guantification of dissolved oxygen challenging, both because of upper operating
temperature limits of the sensors and their limits of detection and quantification. The
use of commercially available dissolved oxygen sensors made for water testing
purposes can, however, be considered in industrial applications in amine solutions, if
it has a relatively low oxygen consumption rate and the measurement takes place
below the upper operating temperature of the sensor. Of the tested sensors, the optical
dissolved oxygen sensor seems more capable of withstanding the alkalinity of the
amine solutions than the other two, not suffering from neither corrosion nor other
damage in the process, and may therefore be more suitable for dissolved oxygen
measurements in a carbon capture facility.

Technologies for oxygen removal and oxidation inhibition in the amine solvent are
being developed, to reduce the problems and costs related to oxidative degradation in
amine scrubbers. These techniques generally base on oxygen removal by addition of
oxygen scavengers, either by direct addition to the amine solution or indirect contact
through a membrane barrier (Monteiro et al., 2018; Supap et al., 2011; Veldman and
Trahan, 1997). Additionally a “salting out” method could potentially be applied,
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where an intentional increase of ionic strength of a solution is performed by addition
of salts to decrease the overall oxygen solubility (Léonard et al., 2014). This approach
will need careful testing, as the increase of salinity also may influence other solvent
properties, like corrosivity, viscosity, density, cyclic capacity, and heat of absorption.

Regardless of which of these techniques are being investigated or applied in industry,
there is a need for a reliable method for quantifying the amount of oxygen in the
solution before and after the removal operation, to evaluate the efficiency of the
technology and to detect operational problems in the removal process if they occur.
Ideally, the means of measurement should be direct, and preferably also online, to
avoid unnecessary amounts of work and errors during sampling, in addition to giving
a possibility for automated analyses. A dissolved oxygen sensor would be an ideal
solution for direct measurement, but it would require the amine solution of choice to
not consume dissolved oxygen faster than it is being transferred from the gas to the
liquid phase, to make any sense to measure at all. It also requires a sufficiently low
detection and quantification limit of the sensor. Oxygen concentrations expected to
be found in an amine scrubbing facility, where the temperature generally is high and
the pressure of flue gas oxygen is low, are in the lower ppm range (at least <6 ppm,
probably lower) and if the solvent is readily degradable, maybe even in the ppb-range.
Since the apparent solubility given by the dissolved oxygen sensors are higher than
reality, given the increased conductivity of the solution, it is possible that the sensor’s
sensitivity is increased and may be used in lower concentration ranges than expected.
This effect will, however, need to be further studied and understood.

5.4 Conclusions

The results of the study show that commercially available dissolved oxygen sensors
may be used to measure oxygen concentrations in amine solutions both in the
presence and absence of CO.. The increased conductivity of the solution when the
amine has chemically bonded CO; gives a slight amplification of the signal, which
means that the actual concentration of oxygen is lower than measured. Oxygen
solubility does not vary much in different solutions with and without amines. The
factors influencing oxygen solubility the most are temperature, oxygen pressure and
also the CO, loading. Amines with rapid oxidative degradation rates, such as
ethanolamine, will consume oxygen from the solution faster than the oxygen transfer
rate from gas to liquid phase. Measurement of oxygen concentrations in rapidly
degrading amine solutions is therefore not useful. The actual oxygen concentration
in these solvents will be very low, likely below the detection limit of any
commercially available dissolved oxygen sensors (<<1 ppm). For amines which are
stable under oxidative conditions, the sensors are fit for the purpose of measuring
their oxygen concentrations.
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The tested modelling approach seems both promising and realistic. However, for
adjusting the Schumpe model, data on physical solubility of CO; in loaded solutions
as well as ionic speciation are needed. Comparing model predictions to measured
oxygen concentrations in solutions give indications of the solvent’s degradation rate.
The modelling approach can be a helpful tool when using oxygen solubility as a
parameter for degradation modelling or when experimental determination is not
possible.

The commercially available dissolved oxygen sensors may find an application as a
fast screening method for the evaluation of oxidative stability of novel solvents, in
addition to measurement of dissolved oxygen concentrations in chemically stable
solvents.
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Appendix

Dissolved oxygen sensors

The two different electrochemical sensors were used in this work were a HI-5421
Dissolved Oxygen and BOD Meter from Hanna Instruments, with a HI76483 Clark-
Type polarographic probe and a handheld pHenomenal® OX 4100 H dissolved
oxygen meter with a pHenomenal® OXY-11 polarographic probe, from VWR. The
first sensor was calibrated using a HI-7040L Zero Oxygen Solution and water-
saturated air (suspended directly above the water surface, as described in the sensor
manual) and the second was calibrated using an OxiCal®-SL calibration vessel from
VWR, using water-saturated air. The cathode material of the Hanna Instrument sensor
is platinum and the anode material silver, while the cathode material in the VWR
sensor is of gold and the anode of led. In both probes, the electrodes and electrolyte
solutions are separated from the solution, in which the concentration of dissolved
oxygen is measured, by an oxygen permeable membrane (further details about the
probes can be found in Supporting Information 1).
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20, +2e” +2H* 5 H,0,  E0=+123V (14)

Both probes have a temperature range from 0 °C up to 50 °C and rely on the same
cathode reaction (Equation 6), although the cathode material differs.

Ag > Agt +e, E0=-0,80V (15)
Pb - Pb?* + 2e7, E0=+0,126V (16)

The anode reactions of the two sensors are described in equation 7 for HI76483 and
equation 8 for the OXY-11 polarographic probe. The redox reactions give a
measurable current which is translated to oxygen concentration by the sensor.
Effectively, the dissolved oxygen sensors measure the activity of O, in the solution
which in ion-free conditions is the same as the concentration of O,. Since salinity
influences the activity coefficient of O, the sensors are provided with a correction
for sodium chloride (NaCl) salinity. This correction factor is not applicable for other
salts (Battino and Clever, 1966; Schumpe et al., 1978). Both galvanic sensors also
have thermometers incorporated in the probe.

The optical dissolved oxygen sensor was a Memosens COS81D from
Endress+Hauser. The optical dissolved oxygen sensors are sturdier and is less
impacted by the alkaline conditions in the amine solutions over time and can measure
oxygen concentrations both in liquid and gas phase. While the electrochemical sensor
undergoes a chemical reaction with dissolved oxygen, the optical sensor enables the
analysis via an inductive signal transmission. The sensor is not directly in contact
with the liquid phase, as three layers are present on the active sensor tip: a
fluorescence layer, an optical insulating layer, and a cover layer. As soon as an
equilibrium is achieved between the oxygen partial pressure in the medium and in the
fluorescent layer in which an oxygen-sensitive fluorophore is present, stable
measurement can be obtained. Depending on the oxygen concentration, the intensity
of the signal and the signal decay time will change as the properties of the fluorophore
changes with the presence of oxygen. The oxygen concentration is then calculated
from the Stern-Volmer equation (Cammack et al., 2008). The sensor corrects the
measured values according to the current temperature and air pressure. The data was
acquired via the transmitter that is coupled to the sensor. The optical DO sensor was
calibrated with pure nitrogen and air, for the gas phase (zero and maximum,
respectively), and with a saturated sodium bisulphite solution as zero for the liquid
phase. The sensor can only be utilized with solutions that do not contain halogens,
ketones, and toluene. (Endress+Hauser)
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Density and viscosity of structurally varied amines in correlation
with oxygen solubility

To investigate whether any specific physical properties of a solvent can correlate with
its oxygen solubility, densities, and viscosities of all the (amine) solvents were
measured and compared to oxygen solubility. In Supplementary figure 5.1no direct
correlation could be observed for all amines, but a correlation between measured
oxygen solubility and density for the alkanolamines, meaning all amines with an
alcohol and an amine functionality, where oxygen solubility increases with
decreasing density at 25 °C. With some deviation from a linear trend it can also be
seen that, for most of the studied solvents, lower viscosities give higher oxygen
solubility as seen in Supplementary figure 5.2. Again, there is a nearly linear
correlation between viscosity and oxygen solubility for alkanolamines, with only 1,2-
DAP, benzylamine and water not fitting on a linear trendline. The correlations
between alkanolamine oxygen solubility and their density and viscosity are likely due
to hydrogen bonding effects within the solutions.

0.9

Density at 25 °C [g cm™?]

0-8 1 L 1 J
7.0 7.5 8.0 8.5 9.0

Oxygen solubility at 25 °C [mg L]

Supplementary figure 5.1: Density of pure amines and water compared to oxygen solubility at 25 °C.
Densities measured with an Anton Paar DMA™ 4500 density meter. Density of MEA not measured in
this work, but on the same instrumentation by (Amundsen et al., 2009). (x representing alkanolamines,
o water and — non-alkanolamines.)
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Supplementary figure 5.2: Dynamic viscosities of amines at 25 °C, measured with an Anton Paar
Lovis 2000 ME viscosity meter, all except for the viscosity of MEA from this work, dynamic viscosity
of MEA from Arachchige et al. (2013), which measured using a MCR 101 Anton Paar double-gap
rheometer. (x representing alkanolamines, o water and — non-alkanolamines.)

Validation with water
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Supplementary figure 5.3: Oxygen solubility of deionized water measured with two different dissolved
oxygen sensors and compared with oxygen solubility data compared to data from Rooney and Daniels
(1998). Solubility measured at poz = 0.21 atm.

The three sensors used in this study were validated against literature data for the
solubility of oxygen in water for which data is abundant (experimental setup
described in section 5.2.3.1). The results of this validation experiment are given in
Supplementary figure 5.3. In deionized water the maximum absolute deviation when
comparing the three different dissolved oxygen sensors applied in this work was
+0.9mg L? (20%, in the higher temperature range) and between the sensors and
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literature data + 1.3 mg L™ (27%, in the higher temperature range) (Rooney and
Daniels, 1998).

Electrochemical sensor validation with ethylene glycol and
literature data

Solutions of different mixing ratios of monoethylene glycol (MEG) and water were
studied using experimental setup A. The dissolved oxygen measurements were
performed with the pHenomenal® VWR dissolved oxygen sensor and by Winkler
titration. The obtained data was compared to literature values measured in an
equilibrium cell (Yamamoto and Tokunaga, 1994) and another dataset where the
methodology used has not been specified (Joosten et al., 2007).

10
— 8 s . e
— A * * 3
o +
£ 6 R a A
.y A A
g ¥ N A o
) A
2 4 L +VWRDO sensor
s 4 Winkler titration
‘é 2 A Yamamoto&Tokunaga
3 © Joosten et al 22 °C
+ Joosten et al. 25 °C
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

x MEG

Supplementary figure 5.4: Oxygen solubility in mixtures of MEG and water (in wt%).

The standard deviation within the parallel solubility measurements in the literature
are up to 32% of the mean oxygen solubility at a given temperature. Mean oxygen
solubility measured by the dissolved oxygen sensor in this work deviates up to 37%
from the literature mean solubility at a given temperature given by Joosten et al.
(2007), which in absolute numbers equals a maximum deviation of + 2.4 mg L*
(depicted in Supplementary figure 5.4).

The literature data from Yamamoto and Tokunaga (1994) at 22 °C deviates at the
most by 30% from the measured oxygen solubility in this work at 20 °C, which also
equals a maximum absolute deviation of + 2.4 mg L. At 25°C the maximum
absolute deviation was 23% and 1.7 mg L. Comparing the data points with the same
conditions (composition and temperature) from the two sources, the maximum
deviation is 20% or 1.7 mg LLIf the equilibrium cell experiments yield a more
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realistic oxygen concentration than the sensors, the signal is amplified by the sensors.
This could be because the dissolved oxygen sensors do not directly measure the
physical solubility of oxygen, but its activity in the solutions. Considering the purpose
for which the sensor is meant in this case, measurement of oxygen concentration in
solvent solutions for CO; capture, as well as the general lack of data and documented
measurement methods of oxygen solubility in similar solutions, the uncertainties in
the measurements described in this section may be acceptable.

Influence of CO> loading and temperature on oxygen solubility

Additional data for oxygen solubility in loaded aqueous MEA solutions at 30, 35 and
45 °C is given in Supplementary figure 5.5, as an extension to the data shown in
Figure 5.6. These results are discussed further in section 5.3.4.3.

I \ %45 °C

9 ~

8
—7 [
26 |
E. | \ . . *25°C
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0.0 1.0 2.0 3.0
Ccoz [Mol kg™

Supplementary figure 5.5: Oxygen solubility in aqueous MEA solutions of varying carbamate (loaded
carbon dioxide) concentration at different temperatures, only taking the amount of CO2 loaded to the
solution into account, disregarding the concentration of MEA, at pO2 = 0.21 atm. Lines have been added
for illustrational purposes and do not represent actual data points.
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Chapter 6

Stability of structurally varied aqueous
amines for CO2 capture

This chapter contains a journal paper published in the Industrial &
Engineering Chemistry Research journal in March 2021, where the
stability of a series of amine of different chemical structures are studied
under mainly oxidative conditions, but also biological. The experimental
results are then compared to literature data for biological and thermal
stability, as well as ecotoxicity of the same amines. The goal of this study
was to see if the identification of any features of the amine could help
predict other important features.

179






Stability of structurally varied aqueous
amines for CO> capture

Vanja Buvik?, Solrun J. Vevelstad®, Odd G. Brakstad ¢and Hanna K. Knuutila 28

@ Department of Chemical Engineering, Norwegian University of Science and Technology
(NTNU), NO-7491 Trondheim, Norway

b SINTEF Industry, NO-7465 Trondheim, Norway

¢SINTEF Ocean, NO-7465 Trondheim, Norway.

Abstract

Eighteen structurally varied amines were subjected to harsh oxidative conditions and
their stability assessed and seen in the context of biological and thermal stability.
Steric effects play a large role in the stabilization of the amines under oxidative
conditions and presence of carbon dioxide plays a vital part in the degradation
pathway of ethanolamine (MEA). Tertiary amines are generally very stable, and these
are all known to not form carbamate to any large extent. Many steric effects play a
vital role in stabilization, such as chain length, substituents both close and farther
from the nitrogen and bond strain. A correlation is seen between biodegradability and
oxidative degradability, giving similar degradability in both cases. There are,
however, promising exceptions to this, such as 3-(dimethylamino)-1-propylamine
(DMAPA) and 2-dimethylaminoethanol (DMMEA), which are stable under oxidative
conditions, but also biodegradable. Direct correlations between oxidative stability
and ecotoxicity or thermal stability are not seen.

Keywords

CCS, oxidative degradation, amine scrubbing, post-combustion CO. capture,
biodegradation
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1. Introduction

The increasing concentrations of atmospheric carbon dioxide (CO2) due to
anthropogenic industrial emissions are leading to dramatic and irreversible changes
in the global climate. Capture of CO, from large emission points, such as cement and
steel production, waste incineration or energy production, on the way to a global
society relying on renewable energy, should be implemented immediately. Already
in 2014, the Intergovernmental Panel on Climate Change (IPCC) stated that any
climate change mitigation strategy not containing carbon capture and storage (CCS)
would be more expensive than one where it is included (IPCC, 2014). According to
more recent reports and studies, carbon capture, utilisation and storage (CCUS) is
needed to avoid the global average temperatures from rising more than 2 °C before
2050 (Bui et al., 2018; Rogelj et al., 2018) and to achieve zero emissions (IEA, 2020).

CO, capture using liquid amine solvents has been performed for nearly a century and
is already considered a mature technology as well as a viable and attractive option for
large scale CO, removal from large flue gas emission sources (Bui et al., 2018;
Rochelle, 2009). Amines chemically bind CO, at low temperature or increased
pressure, mainly forming carbamates, bicarbonate, or carbonate, in a reaction that can
be reversed either by increasing temperature or decreasing pressure. One of the main
reasons why the implementation still is limited, is the cost of operation, both because
of the energy intensity of the regeneration step and because of degradation issues,
leading to unpredictable replacements costs and potential interruption of operation.
Despite this, amine scrubbing is still the least expensive means of large-scale post-
combustion CO; capture (Leung et al., 2014). Development of novel amine solvents
or solvent blends aims to combat these challenges. While amine degradation has been
thoroughly studied over the last decades, many aspects of the complex degradation
processes are yet to be explained (Reynolds et al., 2016; Rieder et al., 2017).

Flue gas contains a range of components that impact the stability and degradability
of the amines. Firstly CO- plays a major role in thermal degradation, where studies
show a huge significance of CO. loading of the amines (Lepaumier et al., 2009b).
Secondly the presence of oxygen gives rise to oxidative degradation. Furthermore,
the presence of inorganic species originating from flue gas or construction materials
also impact both the degree and pathways of solvent degradation (Blachly and
Ravner, 1963; Blachly and Ravner, 1966; Chi and Rochelle, 2002; Knuutila et al.,
2014). Degradation patterns and the type of compounds formed during oxidative
degradation varies a lot from one amine to another, as well as depending the overall
process conditions. A considerable amount of knowledge about degradation is
available for compounds formed during MEA degradation (Gouedard et al., 2014;
Vevelstad et al., 2013b; Vevelstad et al., 2016) as well as also for some other amines
(Fredriksen and Jens, 2013; Lepaumier et al., 2009c). Oxidative degradation reactions
typically form among other formic, acetic and oxalic acid in the initial degradation
steps, which are attributed to the rise of corrosion and fouling in the capture plants
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(Rooney et al., 1996; Rooney et al., 1997). The initiation step of the oxidative
degradation pathways is not fully understood, but most studies point towards an
electron abstraction mechanism (Rosenblatt et al., 1967; Smith and Mann, 1969),
although hydrogen abstraction and the less commonly assumed reaction between
amine radicals (aminium) and water are also described as possible pathways.
Following these primary degradation compounds are a range of secondary products,
formed by reaction between these and the amines (da Silva et al., 2012; Lepaumier et
al., 2011; Lepaumier et al., 2009c; Strazisar et al., 2003; Supap et al., 2011). Thermal
degradation pathways also occur due to the elevated temperatures in the desorber
column. These pathways seem to be better understood than oxidative degradation
pathways (Davis, 2009; Lepaumier et al., 2009a; Martin et al., 2012; Rochelle, 2012).

This work does not attempt to fully understand the degradation mechanisms of every
single amine compound studied, but rather aims to identify features that can allow a
fast assessment of the amine’s stability under oxidative conditions. Despite of the
harsh degradation conditions in these experiments, including higher concentrations
of oxygen and dissolved iron than can be expected in reality, an overall picture of
degradability can still be formed. Stability of the amine is a critical aspect to consider
before moving towards large-scale testing or implementation of a novel amine. It is
also potentially a showstopper for up-scaling, and therefore oxidative and thermal
stability should be considered in an early stage of solvent development.

When upscaling amine-based CO. removal to industrial level, potential
environmental impacts must, also, be considered. Environmental persistence of
emitted compounds may result in potential long-term effects and accumulation in the
biota. Thus, ensuring that that organic solvents enzymatically decompose by
microbial digestion (often called biodegradation), is essential.

This study can be divided into three main parts:

- First the oxidative degradability at absorber conditions of a series of
structurally different amines is measured under identical conditions. Also, the
influence of the presence of CO. on oxidative stability is assessed in
ethanolamine (MEA).

- Secondly, the biodegradability of some new amines is studied and compared
to literature data for amine biodegradation in seawater (Eide-Haugmo et al.,
2012).

- Finally, the oxidative degradation results are compared to literature data for
biological and thermal stability to discuss whether oxidative degradability
can be used to assess these key properties of the amines and vice versa.

Titration, ion chromatography, total nitrogen, and total inorganic carbon analysis as
well as liquid chromatography coupled with mass spectrometry have been used as
means of detection and quantification of the degraded amines.
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Mechanisms and pathways of oxidative degradation has been studied for many years
but has yet to be completely understood. This work contributes to the existing
knowledge base about the oxidative degradation reactions of amines but does not
contain mechanistic studies to conclude on the pathways of the reactions. The results
do, however, point out reasons for i.e. considering the carbamate route to have a
higher significance in these reactions than earlier assumed.

2. Materials and methods

2.1.Chemicals

All solutions were prepared gravimetrically using deionized water from an in-house
purification system at NTNU unless otherwise specified. Oxygen (O) and carbon
dioxide (CO.) gas were purchased from AGA in N5.0 purity. Millipore water for
analytical use was obtained from a Dionex™ ICW-3000 water purification system
from Merck Millipore and methanesulfonic acid (MSA, CAS: 75-75-2, >99.0%) for
cation ion chromatography (IC) was purchased from Merck Life Science/Sigma
Aldrich Norway. Supplier and purity information about the tested amines can be
found in Table 6.1. Analytical standards for the anion IC analyses were prepared from
sodium formate (CHO2Na, >99.0%, CAS: 141-53-7) and sodium oxalate (C,0O4Nay,
>99.5%, CAS: 62-76-0) from Sigma-Aldrich and sodium acetate (C.HsO:Na,
>99.0%, CAS: 127-09-3) from Merck. The potassium hydroxide (EGC Il KOH,
CAS: 1310-58-3) was purchased from Thermo Scientific in eluent generator
cartridges.

Table 6.1: List of the amines studied, their structure as well as their purity. Chemicals were purchased
from @ Sigma Aldrich Norway AS/Merck Life Sciences, > ACROS Organics™.

CAS-

Compound Abbreviation Structure Purity
number
12 HN /\
Aminoethyl)piperazine 2 AEP N 140-31-8 99%
" ONH,

2-Amino-2-methyl-1-

NH 68
propanol ® AMP HO\)< 2 124-68-5 99%

3-Aminopropanol ® AP HO” >""NH, 156-87-6 99%

Benzylamine ? BzA 100-46-9 99%
NH,

a2—(D|ethy|am|no)—ethanol DEEA ( 100-37-8 > 99.5%
HO/\/ ~

2-(2- o

Aminoethoxy)ethanol DGA HO™ " ~"N H, 929-06-6 98%

(Diglycolamine®) ®
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CAS-

Compound Abbreviation Structure P Purity
3-(Dimethylamino)-1- | EE. 0,
propylamine ® DMAPA /NWNHZ 109-55-7 99%
2-(Dimethylamino)- | 01 o
ethanol ? DMMEA HO/\/N\ 108-01-0 >99.5%
3-(Dimethylamino)-1- DMPA | 3179633 99%
propanol _N._~_OH

«(Di 109~ OH
1-(Dimethylamino)-2 1DMA2P | 108167  >99%
propanol N N
2-(Ethylamino)ethanol ? EAE H 110-73-6 >98%

HO/\/ ~
e e ()
~"0H

- i ~
3-(Methylamino) MAPA H,N TN 6291-84-5  >97.0%
propylamine H
N-Methyldiethanolamine |
a MDEA N 105-59-9 >99%

HO™ """ 0H
Ethanolamine MEA HO\/\N H, 141-435  >99.0%
OH
(+)-1-Amino-2-propanol ® MIPA 78-96-6 > 99%
NH»

N-(Methylamino)-ethanol H aa. 0
a MMEA HO/\/N\ 109-83-1 >98%

o HN /\
Piperazine ? Pz 110-85-0 99%

K/ NH
OH

Triethanolamine 2 TEA H 102-71-6 > 99%

2.2. Oxidative degradation experiments
Oxidative degradation experiments were performed at simulated absorber conditions
in custom made open, water bath-heated, double-jacketed glass reactors with
magnetic stirring (approximately 250 mL) as shown in Figure 6.1. The reactor
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temperature was maintained at 60 °C and the water bath-cooled Graham condensers
at 5 °C. Each reactor was filled with 200 mL of the gravimetrically prepared 30 wt%
(ag.) amine solvent mixture, which was pre-loaded to 0.4 mol of CO, per mol amine
and contained 0.5 mM iron sulfate (FeSO4-7H20). A mixture of O, and CO; gas was
sparged through the solutions from Alicat mass flow controllers (MFC) and through
Pyrex® glass gas distribution tubes of porosity grade 1, under constant magnetic
stirring for the total experimental time of three weeks. Empty gas wash bottles were
used as safety solvent traps between the mass flow controllers and the gas distribution
tubes in case of power outage. Sampling from the liquid phase was performed
regularly through a septum on top of each reactor. Each experiment was performed
in two or three parallels, and the data presented in this work is given as the average
values, with the standard deviation of the sample average given as the uncertainty.
Uncertainty within each analytical method is given in the description of each method
and is additional to the standard deviation of the sample average.

Vent Vent Vent

ﬂ Condenser
™

Reactor 1

Condenser Condenser

g

Reactor 2 Reactor 3

L

)y

Figure 6.1: Schematic of the oxidative degradation setup.

The initial experimental procedure was designed for maintaining the loading of the
primary amines at 0.4 mol CO, per mol amine. For this, a total of 60 mL min™ of gas
was used, containing 2% CO- and 98% O,. This CO; pressure was not high enough
to maintain the loading of 0.4 of the tertiary amines, and the tertiary amines and as a
result, the first experiments conducted with tertiary amines had a lower CO; loading.
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Some experiments were, therefore, run with a total of 60 mL min® gas flow
containing 16.5% CO, and 83.5% O to keep the loading constant. Finally, the
oxidative degradation of tertiary amines was performed using a higher total flow of
gas. In these experiments, the same O, flow as for primary and secondary amines
(58.8 mL min™) was used, but the CO, flow was increased to achieve the required
COs, partial pressure to maintain a loading of 0.4 mol CO; per mol amine, resulting
in a higher flow. No significant difference in degradation could be seen in the tertiary
amines tested using the different conditions, so some of these experiments were not
repeated.

2.3. Marine biodegradability tests

Closed bottle biodegradation tests of amines were performed by SINTEF Ocean,
according to the OECD guideline 306 “Biodegradability in seawater” (OECD, 1992).
Natural seawater was collected from a local Norwegian fjord (Trondheimsfjorden;
63°26'N, 10°24'E). The seawater is transported to the laboratory of SINTEF Ocean
though a polyethylene pipeline system from a depth of 80 m, well below the
thermocline, and securing stable temperatures the year around. The seawater has a
salinity of 34%o., and the water source is considered to be non-polluted. The seawater
was filtered (50 um), acclimated (20°C) for 5 days, aerated for 20 min (bubbling of
sterile-filtered air), and amended with inorganic nutrients (N-, P-, Ca-, Mg-, and Fe-
sources) (OECD, 1992). Biological oxygen demand (BOD) bottles (275 ml) were
completely filled (no headspace) with acclimated, filtered and nutrient-amended
seawater with 2 mg L test substances or aniline (positive control), or nutrient-
amended seawater without test- or control substance (seawater blank). Test solutions
biocide (50 mg Lt HgCl,) were included to determine potential abiotic degradation.
The solutions were incubated at 20 °C for up to 28 days, and bottles were sacrificed
for dissolved oxygen (DO) analyses on days 0, 7, 14 and 28 (duplicate samples except
on day 0) The BOD of each substrate was determined by calculating the differences
between DO-concentrations in blank and test solutions. The ultimate biodegradability
of each substance was determined as the percentage of its theoretical oxygen demand
(ThOD). ThOD was calculated assuming complete mineralisation to CO; of the test
substance and release of nitrogen in the form of ammonia (NHs) or nitrogen dioxide
(NO,) (OECD, 1992). NO; is formed in the further reaction of NHs with oxygen,
resulting in ThOD-NH; being lower than ThOD-NO-.

2.4. Analytical methods
The concentration of amine in the solutions was determined by titration with sulfuric
acid (H2SO., 0.2 N) according to Ma'mun et al. (2006), a procedure with an
uncertainty of < 2%. For all the samples, the concentration of amine is back calculated
to the solution without CO; and corrected for evaporation of water and degradation
products, assuming a linear loss throughout the experiment, as the total mass of the
solution is only known for the start and end solutions.
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The total concentration of heat stable salts (HSS) was determined according to a
method described by Reynolds et al. (2015), by adding approximately 2 g of the
sample to 40 mL activated Dowex 50W-X8 ion exchange resin (Merck, CAS: 69011-
20-7) and 40 mL deionized water. The mixture was partly covered and heated to
70 °C under magnetic stirring for an hour, then left to cool down to room temperature
and settle. The supernatant was carefully transferred to another container through a
frit and the ion exchange resin extracted repeatedly by addition of 40 mL water,
stirring for 1 minute, leaving the resin to settle and combining the resulting
supernatant by filtering, until the supernatant showed the pH of deionized water. The
combined supernatants were titrated with 0.05 M sodium hydroxide (NaOH, CAS:
1310-73-2) to determine the molar concentration of cationic species. Analysis of 30
wit% (ag.) MEA with known concentrations of oxalic, formic, and acetic acid gave
deviations of + 0.007 mol kg* (max. 7%).

Quantification of amine concentrations by ion chromatography (IC) was performed
on a Thermo Scientific™ Dionex™ ICS-5000 system, using a Thermo Scientific
Dionex lonPac™ CS19 analytical column (2 mm - 250 mm), with a CG19 guard
column (2 - 50 mm) and an eluent consisting of 15 mM methanesulfonic acid (MSA)
in ultrapure water from an ICW-3000 Millipore purification system. Calibration was
performed with each compound for every analysis and all data was processed using
the chromatography processing software Chromeleon® 7. The method used for
cation chromatography was based on that developed and used by Fytianos et al.
(2015). Standard solutions of concentrations between 10 and 100 ppm of the
compound (amine) to be quantified were prepared and analysed along with the diluted
samples. The standards were used to make a calibration curve for each individual
amine and each individual analytical procedure, and their conductivity signals (peak
areas) were used to calculate the concentration of the original samples.

Acetate, formate and oxalate were quantified using a Thermo Scientific™ Dionex™
ICS-5000 system located at USN Porsgrunn, with a Dionex™ AG11-HC RFIC™
analytical (4 - 250 mm) and guard column (2 - 50 mm) and conductivity detection.
The column compartment was kept at 35 °C and the cell temperature at 30 °C. A
gradient of potassium hydroxide (KOH), generated by an eluent generation (EG)
system, was used as the eluent, with the program given in Table 6.2. Standards of the
organic acids were prepared in the concentration range from 1 to 30 ppm and the
degraded amine samples were diluted between 1:100 and 1:350 with deionised water,
depending on their known total content of heat stable salts (HSS). All standards and
samples were filtered from any remaining particulate matter before analysis.

188



Table 6.2: KOH eluent gradient used for anion separation in IC.

Time (min) CkoHstart [MM] CKoHstop [MM]
0-30 3 3
30-32 3 30
32-52 30 30
52-54 30 60
54-64 60 60
64-66 60 3
66-74 3 3

Quantification of some alkanolamine concentration was performed by liquid
chromatography coupled with mass spectrometry (LC-MSMS), performed by
SINTEF Industry on a UHPLC Agilent 1290 Infinity System with an Agilent 6490
Triple Quadrupole detector. An Ascentis® Express Phenyl-Hexyl, 2.7 um HPLC
Column as well as a Discovery® HS F5 HPLC Column, both from Sigma-Aldrich
Co. LLC, were used for analyte separation. MEA and MMEA were quantified using
an isotope labelled internal standard and the results have a typical uncertainty of 3%.
Quantification of MAPA and DMPA in samples analysed without isotope labelled
standards has an uncertainty of 5%.

A Shimadzu TOC-Lcpn analyzer equipped with a TN-unit and auto sample injector
(ASI) was used for the quantification of CO; loading as total inorganic carbon (TIC)
and total nitrogen (TN). The instrument was calibrated with sodium bicarbonate
(NaHCOs3) for the CO, analysis, and potassium nitrate (KNOs3) for the nitrogen
analysis. The uncertainty of the CO, quantification is < 2%, when used in the range
of 10-500 ppm carbon. The TN analysis was only used to compare the nitrogen
content of the start and end sample, as matrix effects have proven to impact the ability
of the method to quantify different amines with a universal calibration. Both the TIC
and TN analysis were used in the range of < 500 ppm N, to avoid saturating the
detector signal. The principle of quantification for inorganic carbon in the sample is
based on acidification with phosphoric acid (HsPO., 25wt%), releasing the inorganic
carbon, including that bound as carbamate, as CO,. The detection is then made with
a nondispersive infrared detector (NDIR), selectively measuring at the wavelength of
bond vibrations in the CO, molecule. Nitrogen can be combusted over a platinum
catalyst at 720 °C and fully converted to NO,, which is detected and quantified by a
chemiluminescence detector.
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3. Results and Discussion
3.1. Oxidative degradation
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Figure 6.2: Amine loss after 21 days under oxidative conditions in relation to their structural
characteristics for non-cyclic alkanol monoamines.
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Figure 6.3: Amine loss after 21 days under oxidative conditions in relation to their structural
characteristics for diamines, cyclic amines and a triamine.

Oxidative degradation of amines was primarily quantified as the loss of alkalinity
throughout the experiments, as this reflects the CO; capture efficiency of the solvent.
TN analysis, IC and LC-MS were used both for validation and for supporting
information about the degradation patterns of the amines. The effect of amine
structure on oxidative stability is showed in Figure 6.2 and Figure 6.3. Overall, the
trend shows that all tertiary amines generally are stable under oxidative conditions,
secondary and primary less so, in agreement with the studies of Lepaumier et al.
(2009c), Voice and Rochelle (2011) and Voice et al. (2013). This is, however, only
true if no additional steric hindrance is present in the proximity of the nitrogen
group(s), such as Lepaumier et al. (2009c) postulated for AMP. If the oxidative
degradation mechanisms mainly take place via carbamates and not pure amines
reacting with the oxidant, this pattern can partly be explained by the lack of carbamate
formation from tertiary amines. The most stable primary amine studied in this work,
the sterically hindered AMP, is also known for forming bicarbonate over carbamate
in aqueous solutions (Ciftja et al., 2014). Next, a more detailed discussion is given.

As mentioned earlier (section 2.2), the experimental conditions needed adjustment to
the vapour-liquid equilibrium properties of the tertiary amines, and several tests with
five different amines barely gave significant differences in degradability regardless
of CO; or O, concentrations and end loading of CO.. A comparison of the different
tested experimental conditions can be seen in Table 6.3, where each given amine was
subjected to the oxidative degradation conditions for three weeks, with two different
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compositions of the gas phase or different total gas flows. The table shows the total
loss of amine at the end of the experiment. All experiments had loading of 0.4 mol
CO; per mol amine at the start of the experiment. As shown in Table 3, all tertiary
amines tested, except for IDMAZ2P, had losses of < 5% alkalinity during three weeks
under highly oxidizing conditions.

Table 6.3: The influence of CO2z and Oz concentration on end loading and degradability of tertiary amines
given in total amine loss after three weeks. *This experiment was run with two different
solutions/concentrations of DEEA, so the uncertainty is here given as the deviation from the average of
the two, not the standard error of the parallels. **Only one parallel was studied, hence, no uncertainty
apart from that of the analytical methods can be given.

Amine % CO2 Frotar [ML min-] aend [Molcoz mol?]  Amine loss (%)
DEEA 16.5 60 0.7 1+2*
3.5 60 0.4 4+04
DMMEA 16.5 70.4 0.7 3+1
2.0 60 0.2 4+04
*k
DMPA 16.5 60 0.5 3
3.5 60 0.2 5+1
MDEA 16.5 70.4 0.5 2+1
2.0 60 0.1 3+£0.2
TEA 16.5 60 0.3 3+1
3.5 60 0.04 3+0.2
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Figure 6.4: Normalized amine concentration of primary amines throughout the 21-day oxidative
degradation experiments. Quantification made by amine titration and corrected to CO2 free solution and
corrected for water loss.

If the compounds studied have comparable structures, apart from a small substituent
on the nitrogen atom, increasing the order of the amine, a general increase of stability
can be seen with increasing order. This can be seen when the three amines in the
centre of Figure 6.2, MEA, MMEA and DMMEA. The only structural feature
differing is the substitution of hydrogen by methyl groups on the nitrogen atom,
which increases the stability from 53% amine loss (MEA), through 41% (MMEA) to
only 4% (DMMEA). A similar trend can be observed when comparing EAE and
DEEA. A combination of the carbamate formation reaction of tertiary amines and an
exposed amine group can make the primary amines more prone to degrade
oxidatively than amines of higher substitution. Moreover, other structural features
also increase oxidative stability. Figure 6.4 shows the degradation of a selection of
primary amines over time and shows that all amines with more complexity degrade
slower than MEA. Addition of steric hindrance in B-position relative to the amine
group, such as in MIPA increases oxidative stability. Increasing steric hindrance by
addition on the a-position, such as in AMP, increases the oxidative stability of a
primary amine to the range of tertiary amines in this study. Even just extending the
chain length relative to MEA, looking at the primary amine AP and DGA increases
the stability significantly. The results of this study suggest that the carbamate of the
amine may play a more significant role in the oxidative degradation pathways than
previously assumed. This assumption is further supported by an oxidative
degradation experiment with MEA, identical with the other experiments, but without
addition of CO,. In this case, the amines loss is only 3 + 1%, as can be seen in Figure
6.5. At the same time, carbamate forming AP (Zhang et al., 2017) is more stable than
MEA. Thus, the results are not conclusive and more mechanistic studies are needed
to fully understand the role carbamate may play in the degradation mechanisms of
amines.
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Figure 6.5: Oxidative degradation of MEA in the absence and in the presence of COs..

Figure 6.6 shows that also secondary amines can be relatively unstable under
oxidative conditions, both MMEA and EAE as well as MAPA, a diamine with one
secondary and one primary amine group, gave a high relative amine loss after 21 days
under oxidative conditions. However, the diamine PZ containing two secondary
amine groups is very stable throughout the whole experiment. With its cyclic form,
the lower flexibility of the C-N bond compared to MMEA, EAE and MAPA can
explain this stabilising effect. The step in a radical reaction where electron transfer
can take place requires the reactants to arrange the position of its atoms to the
configuration of the products, since this reaction is very fast (Marcus et al., 1954).
This means that certain flexibility within the bonds of molecules being oxidized is
required for the oxidation to occur. The rigidity of the C-N bonds in PZ may be less
likely to enter a configuration where the radical oxidation reaction can take place.
The high oxidative stability observed for PZ in this work is in agreement with that of
Voice and Rochelle (2011).
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Figure 6.6: Normalized amine concentration of secondary (+) and diamines (x) throughout the 21-day
oxidative degradation experiments. Quantification made by amine titration and corrected to CO: free
solution and corrected for water loss.

As discussed earlier, most of the studied tertiary amines showed amine losses <5%
after three weeks under oxidative conditions. Even the diamine DMAPA, which
contains a primary amine functionality, and the cyclic AEP, containing both a primary
and a secondary amine function. In the case of AEP, the secondary amine group is
incorporated in the cyclic structure, like PZ, so this group is protected by the rigidity
of the ring structure. The primary groups of DMAPA and AEP are likely shielded by
steric effects, that protect the molecules from attack or constructing a lower
compatibility with the radical donor, potentially favouring termination rather than
propagation. A sterically hindered molecule has less bond flexibility and less
possibility to exist in many configurations, such as for example resonance forms and
rotational isomerism. 1DMAZ2P presented itself as an outlier among the tertiary
amines, with a total loss of amine of 31% after 21 days under oxidative conditions.
Despite of being tertiary, this amine behaves more like the structurally similar,
although primary, MIPA. It can be speculated whether a hydroxy substituent in -
position to the nitrogen on a secondary carbon, may be unfavourable for stability,
allowing for the mechanism given in Figure 6.7 to take place. In this suggested
mechanism, both amines form acetone, additionally 1DMAZ2P forms dimethylamine
and MIPA ammonia, all volatile degradation compounds. This may be the
predominant degradation mechanism for LDMAZ2P, but in MIPA the content of non-
alkaline nitrogen, as seen in Figure 6.8 indicates that other pathways may be more or
as dominant.
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Figure 6.7: Suggested mechanism for the formation of acetone and dimethylamine/ammonia during
1DMAZP (R = CHs) and MIPA (R = H) degradation.

To introduce further structural variance to the study, we wanted to see the effect of
adding an aromatic functionality to the amine. Therefore, the aromatic amine
benzylamine (BzA) was attempted studied under oxidative conditions, both in 30
wit% and 15 wt% concentration. In both cases, phase separation occurred before a
week had passed. A thick, viscous, and dark organic phase with a higher density than
water formed, and no alkalinity could be detected in the aqueous phase anymore. At
60 °C the benzylamine carbamate was soluble in water, although it precipitated at
room temperature, as reported in Richner et al. (2015). Therefore, the attempt to study
BzA, an aromatic amine, under these conditions was abandoned.

100 %
90 %
80 %
70 % m Alkalinity
conserved
60 % Total nitrogen
50 % conserved
40 % Nitrogen lost
30 %
20 %
10 %
0 %
FFEFFFTELSE

Nitrogen conservation (day 21)

Figure 6.8: Loss of alkalinity and total nitrogen after 21 days under oxidative conditions for primary,
secondary and diamines. Analysed by amine titration, TIC and TN.

The analysis of total nitrogen content after three weeks of oxidative degradation,
compared to the start, as well as comparing it to the remaining alkalinity of the
solutions, gives an impression of the type of degradation compounds formed, as
shown in Figure 6.8. It is evident that volatile nitrogen-containing degradation
compounds, such as ammonia (NHs), have been formed where the nitrogen content
of the initial solution has not been conserved throughout the experiment. This
approach does not identify the volatile, nor the less volatile degradation compounds,
but it allows an assessment of the amount of emissions which can expected from a
given amine. The primary amines form a more or less equal amount of volatile and
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less volatile nitrogen containing degradation products. This is probably mostly due to
the cleavage of the C-N bond forming NHjs that escapes the liquid phase. Secondary
amines like MMEA and EAE are known to form volatile alkylamines (Vevelstad et
al., 2013a), so at least for these, we can assume that a significant part of the nitrogen
lost is not in the form of NHs. For the secondary amines, more of the nitrogen is
contained in the liquid phase in the form of non-alkaline degradation products. No
correlation between nitrogen loss and amine volatility could be found when looking
at the respective boiling points. This can be seen illustrated in the Supporting
information, in Figure S1. The high loss of nitrogen from MAPA correlates with what
was observed by Vevelstad et al. (2014) when using a similar open-batch oxidative
degradation setup.

3.2. Comparison of different methods of amine analysis

For control and comparison, the concentration of amine was measured by cation ion
chromatography (IC) in addition to amine titration to validate the results obtained by
the titration by an independent method. IC separates ionic components based on their
charge density and affinity to the mobile and stationary phases of the
chromatographic system. The signal obtained from each component in the form of a
peak, which can be integrated and quantified by comparison to a calibration curve, is
characteristic for the amine, but can also overlap with other compounds of similar
charge densities. Other compounds can also falsify the titration results, as all alkaline
components will give the same signal. Comparing results from the two methods
increases the certainty of the measured concentrations originating from the desired
compound.

For four amines, a time series was also sent for LC-MS analysis at an external
laboratory, for further validation and comparison. A visual representation of the
results from the three different analytical methods are shown in Figure 6.9. The
different methods show some deviations from one another, but overall, the same
trends. Throughout the experimental period, the remaining alkalinity measured by
titration in MAPA is higher than the amount of MAPA quantified by cation IC and
LC-MS, although the standard error of the average of the two parallel experiments
overlap. MAPA with its two amine functionalities is likely to degrade on just one of
them and remain active or alkaline despite of being degraded. A deviation between
titration and IC/LC-MS is therefore expected in this case. The relative large deviation
between LC-MS and IC/titration for DMPA may origin from the lack of and internal
deuterated standard of DMPA, also yielding a higher uncertainty for this amine and
MAPA, than for MEA and MMEA, where internal standards were used for
quantification.
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Figure 6.9: Normalized amine concentration measured by amine titration and cation chromatography
from the same samples and experiments. Error bars for titration and IC represent the standard error
between the parallel reactors and the data points the average value of the 2 or 3 parallels, for LC-MS
they represent the uncertainty of the method. MMEA recovery given from experiment with 17 °C

condenser temperature.

3.3. Heat stable salts
Anion IC analyses were performed on the end samples after 21 days of oxidative

degradation of the amines. Formate, acetate and oxalate were measured in diluted
samples of all amines, and Figure 6.10 shows the concentrations of these in the
amines where a quantifiable amount of at least one of the acids were found.
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Figure 6.10: Concentrations of HSS quantified in end samples of oxidative degradation experiments.
Error bars represent the standard deviation of the average of parallels.

Formate could be quantified in all of the amine samples that degraded significantly
during the three-week experiments and in DMMEA and DMPA, which both had low
relative amine losses. Since most of the amines which are unstable under oxidative
conditions also are carbamate-forming amines, it seems likely that carbamate plays a
more significant role than it has in the earlier suggested degradation mechanisms. The
possibility of formate originating from the carbonyl group of the amine carbamate, as
illustrated in Figure 6.11, should therefore be considered.
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O

Figure 6.11: Formate may be formed through a direct redox reaction on carbamate.

Acetate was only found in concentrations above the quantification limit in two of the
degraded solutions, EAE and MIPA, and oxalate in three, EAE, MEA and MMEA.
Acetate and formate have both been observed to be formed in other oxidation studies
of MIPA (Hutchinson et al., 1984). EAE or similar structures have not been seen to
be particularly prone to form acetate under oxidative conditions, but we suggest that
the reaction may take place as depicted in Figure 6.12, where the positively charged
nitrogen in EAE allows for attack by an oxygen radical or a superoxide ion formed
in the solution. Following an analogous mechanism, DMPA, MAPA and MMEA
would form formate.
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Figure 6.12: Suggested mechanism for the degradation of MMEA- (R = H) or EAE-carbamate (R =
CHs) to MEA and formic (R = H) or acetic acid (R = CHs).

The total heat stable salt analysis shows that there are other ionizable degradation
products present than the three which were quantified by ion chromatography, some
of which could also be observed in the anion chromatograms, although not identified.
The ion chromatogram of degraded MEA can be found in the Supporting information,
depicted in Figure S2.

3.3. Biodegradation

Since alkanolamines may not evaporate in the environment and have poor affinities
for soil (Davis and Carpenter, 1997), these compounds may end up in aquatic systems
and eventually in seawater. Since biodegradation of several alkanolamines was faster
in fresh water than in seawater (Brakstad et al., 2012; Eide-Haugmo et al., 2012;
Henry et al., 2017; Price et al., 1974), biodegradability in seawater may also be used
as a good representation of biodegradability limitations of amines in this work.

Table 6.4 Biodegradability measured according to OECD guideline 306 under the assumption that

nitrogen digestion forms ammonia (NHs) or nitrogen dioxide (NO2) after 28 days of incubation. The
amines are also characterised as natural products or not.(DNP, 2020)

Amine &ﬁ?ﬂﬁ?ﬂ% (;iocﬂe_?_aﬁjgt_)’i\:g) Natural product
AEP 125402 78%02 No
DMMEA 98.7+13 716£1.0 Yes
DMAPA 96.7 0.0 67.7£0.0 Yes
1DMA2P 52417 43+14 No
1-(2HE)PP 3428 29424 No
Aniline (reference) 1008 +2.0 83.0£17 Yes

Five amines were tested for ultimate biodegradation in seawater, and the results are
presented in Table 6.4, where the amines are also classified as natural or synthetic
The results show that 1-(2HE)PP, 1DMAZ2P and AEP, have low marine
biodegradability, below 20%, whereas DMMEA and DMAPA are highly
biodegradable. As expected, and also seen in observed in previous studies, the
naturally occurring amines have a higher biodegradability than synthetic amines. In
addition to the results given here, abiotic tests were performed for all amines, all
showing that they do not degrade in the absence of microbes under the given
conditions (results given in Table S8).
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The piperazine and piperidine (AEP and 1-(2HE)PP) showed poor degradability, as
previously seen with some other cyclic amines (Eide-Haugmo et al., 2012). The two
degradable amines (DMMEA and DMAPA) were associated with terminal alcohol
or amine groups, typically subject to enzymatic attack during amine biodegradation
(Brakstad et al., 2018; Cerniglia and Perry, 1975).

3.4. Comparison of oxidative, thermal and biodegradation

Since one of the most common pathways of biological amine degradation reactions
occurs through catalysis by the monoamine oxidase enzymes (Silverman, 1995), it is
not unexpected to find a correlation between oxidative and aerobic biological
degradability (Figure 6.13). Most of the amines that were unstable under oxidative
conditions in the experiments performed in this work also showed a high
biodegradability when compared to the results of marine biodegradability studied
both in this work and in previous studies (Eide-Haugmo et al., 2012). There are,
however, some amines which are stable under oxidative conditions and still have a
high biodegradability, properties that are favourable from a combined industrial and
environmental perspective. Another observed trend in Figure 6.13 is that most of the
highly degradable amines are of natural origin and the ones showing low
degradability are of synthetic origin. In the case of biodegradability, this makes sense,
as there is a compatibility between natural compounds and enzymes, but it can
interestingly also be seen as a trend for oxidative degradability in the absence of
microorganisms. Ideally, one would want an amine for use industrially to be stable
under oxidative conditions but biologically unstable so that it can degrade in nature
in case of a spill. This is the case for two of the tested amines, DMMEA (94% of
ThOD) and DMAPA (55% of ThOD). DMMEA was pointed out as a promising
solvent by Eide-Haugmo (2011) because of it is seen that it has relatively high thermal
stability and biodegradability, which can be seen in Figure 6.13. All compounds with
a biodegradability above 60% of ThOD are considered readily biodegradable .
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Figure 6.13: Marine biodegradability (% of ThOD-NHz3) of amines from Eide-Haugmo et al. (2012)Eide-
Haugmo et al. (2012) and this work (*) categorized according to their biological and oxidative
degradability. Oxidative degradability given as alkalinity lost after 3 weeks under oxidative conditions.
Natural (green) amines are generally more biodegradable than non-natural amines (red).

The knowledge of biological degradability is insufficient for assessing the total
impact of an amine in case of a spill in nature. Ecotoxicity tests provide additional
information that allows assessing the amines potential effect on the local environment
if leaked. Eide-Haugmo et al. (2012) also studied this in a marine environment and
the ecotoxicity is tested according to ISO/DIS guideline 10253, with the marine
diatom Skeletonema Costatum (ISO, 1999). There is no visible correlation between
biological degradability and ecotoxicity in this case. None of the amines from this
study were deemed acutely toxic to marine life, but many of them fall into the
category of “slightly toxic”.
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Figure 6.14: Comparison of the relative oxidative and thermal degradability of 14 of the studied amines.
Davis et al. (2009) (Davis, 2009) studied degradability with 0.4 mol CO2 per mol amine and amine
concentration of 3.5-8.4 mol/kg (40wt%) for 4 weeks and Eide-Haugmo et al. (2011) (Eide-Haugmo,
2011) with 0.5 mol CO2 per mol amine and amine concentration 2.1-4.6 mol/L (30wt%) for 5 weeks,
both in stainless steel cylinders at 135 °C.

In addition to the conditions with high oxygen availability and relatively low
temperatures, as simulated in these oxidative degradation experiments, thermally
aggravating conditions are met in the desorber and reboiler of a CO, capture plant.
To assess the overall stability of the amines tested, a comparison with thermal
degradation data from Davis (2009) and Eide-Haugmo (2011) is given in this section.
Because the experiments were performed under slightly different conditions, the
degradability is normalized in regard to the amine with the highest amine loss at the
end of the experiment in Figure 6.14, which was MEA in the study of Davis (2009)
and MMEA in Eide-Haugmo (2011), since small differences in experimental
conditions make a direct comparison and visualization difficult. The oxidative
degradability has also been normalized in relation to the amine loss of MEA. Exact
amine losses can be found in Table S5. The comparison shows that oxidative stability
not necessarily means thermal stability, as AEP, MDEA and DMAPA all seem very
promising after studying their stability under oxidative conditions but have proven to
have a low relative thermal stability.

4. Conclusions

After nearly three decades of studies focusing on mechanistic understanding of
oxidative degradation of amines, there are still many unknowns when it comes to its
reaction pathways. This work contributes to the existing knowledge with some new
insights from laboratory scale degradation experiments.
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Ethanolamine (MEA) has a high oxidative stability in the absence of CO,, indicating
that MEA carbamate partakes in the initiation step of the oxidative degradation
reaction. In contrast, 2-amino-2-methyl-1-propanol (AMP), which is a similar but
sterically hindered primary amine known to form bicarbonate over carbamate in
reaction with CO,, hardly degrades at all under oxidative conditions. This does,
however not, explain the full extent of degradability of amines, as some typical
carbamate-forming amines, such as 3-aminopropanol (AP) have higher stability than
MEA. Further mechanistic studies are recommended to determine the role of
carbamate in the degradation mechanisms of amines.

Eight of the nine studied tertiary amines show high oxidative stability under the
experimental conditions and had losses of alkalinity < 5% after three weeks subjected
to 98% O, CO,-loading, iron and 60 °C.

Steric hindrance and high substitution can give oxidative stability to amines,
regardless of the number of substituents on the nitrogen atom. In addition to AMP,
other primary amines such as 3-aminopropanol (AP), amino-2-propanol (MIPA) and
2-(2-aminoethoxy)ethanol (DGA) have a higher oxidative stability than MEA, likely
due to steric effects.

Secondary amines, such as N-methylaminoethanol (MMEA) and 2-
(ethylamino)ethanol (EAE), are generally unstable, but even for here, steric constraint
around the nitrogen atom, such as in the ring structure of piperazine (PZ) and 1-(2-
Aminoethyl)piperazine (AEP), drastically increases the oxidative stability.

There seems to be a correlation between oxidative and biological degradability.
Oxidative degradation tests can to a large extent, be used to predict biological
degradability, but there is, fortunately, no exclusive relationship between the two
properties, meaning that amines with high oxidative stability and ready
biodegradability exist.

Oxidative and thermal stability do not correlate, so testing of both these properties
seems necessary for solvent stability assessment.
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Calculations

Uncertainty

Calculation of standard deviation (SD) within an average (x) of n samples is done
according to

SD — 27{1=1(xi_f)2,
\J n-1

where x; represents the measured concentration of each sample.

Correction of measured concentrations

Correction from CO-loaded to CO-free solution using the amine concentration
measured by amine titration (Cco, 10adea) in Mol kg™ and mass concentration of CO,

measured by TIC (Cco,) was performed according to equation

7 Corresponding author: hanna.knuutila@ntnu.no
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C _ Ccoyloaded (Cco, +1000 g)
CO, free — 1000 g .

Correction for water and degradation compound loss throughout the experiment,
assuming it to be linear with the equation Loss (in %) = d - x, depending on the day
(d) and the slope increment (x) was calculated according to

Ceorrected = CCOZ free —d "X " CCOZ free:

Theoretical oxygen demand (ThOD)

12 (2C+0.5(H — Cl — 3N) + 35 + 2.5P + 0.5Na — 0)

ThODyy, = Eq.1

MW
12-(2C+ 0.5(H—Cl) +3S + 1.5N + 2.5P + 0.5Na — 0)
ThODNOZ = MW Eq 2

Calculations of the theoretical oxygen demand (ThOD) for the complete
biodegradation of a substrate, forming NHs; or NO, were performed according to Eq.
1 and 2, where the oxygen demand depends on number of carbon, hydrogen, chloring,
nitrogen, sulphur, phosphorus, sodium and oxygen atoms in the molecule, as well as
its molecular mass (MW).

m
% of ThOD = % 100% Eq. 3
ThOD

Biodegradability was then calculated according to Eq. 3, using the amount of oxygen
consumed (my,) divided by the theoretical oxygen demand (mryop)-
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Supplementary data

A validation of the experimental conditions was performed, by subjecting MEA to
the oxidative conditions with and without addition of iron sulfate. The presence of
iron clearly gives a higher degradability of the amine solution and was maintained
throughout the rest of the experiments. Secondly, a test was also made to validate the
condenser temperature, where MMEA was run once with less cooling, as this amine
is known to form volatile alkylamine degradation products and a lower boiling point
than MEA. The results show close to the same amine loss, shown in Table S1,
indicating that even a cooling temperature of 5 °C can maintain as much of the
degradation compounds in the liquid phase as possible.

Table S1: Results of validation experiments with and without iron addition and condenser temperature
varied. Amine loss measured by amine titration.

Amine Cresos [MM] Tecondenser (°C) Amine loss (%)
0.5 53+6
MEA 5
0.0 5+1
5 4112
MMEA 0.5
17 39+2
300
250
? X X
= 200 X
§- X %
=) X xx X x x >
£ 150 x
! x .
— X
8
z 100
50

0% 5% 0% 15% 20% 26%

Nitrogen loss after 21 days

Figure S1: Amine boiling point plotted against the amount of nitrogen loss observed after 21 days under
oxidatively degrading conditions.

213



Table S2: Concentrations of total nitrogen in start and end samples of oxidative degradation experiments.
Average concentrations measured are given with standard deviation of parallels. Uncertainty within each
parallel is maximum +2% (uncertainty of analytical method).

Total Nitrogen [moly kg™]

Amine start day 21

MEA 5.03 3.99+0.20
MEA (no CO;) - -

MMEA 4.04 +0.02 3.49+0.03
DMMEA 3.50 3.39+0.01
DGA 3.03+0.001 272+001
AP 4.28 4.07 £0.04
DEEA 211 1.99+£0.01
DMPA 2.64 2.51+0.005
TEA 2.13 2.10+0.01
MDEA 2.26 2.23+0.09
Pz 7.17 7.01£0.05
EAE 3.08 2.87+0.06
MAPA 6.19 498+0.15
AMP 3.13 3.03+0.10
MIPA 3.83 3.14+0.13
AEP 8.03 7.64+0.05
1-(2HE)PP 3.03 2.91£0.06
DMAPA 7.63 7.41+0.12
1DMA2P 2.99 2.11+0.10
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Figure S2: The anion chromatogram of an oxidatively degraded 30 wt% MEA (ag.) solution. The peaks

that could be identified and quantified, using analytical standards are labelled. Further peaks originate
from other anionic degradation compounds.
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Table S3: Titration and TIC data from oxidative degradation experiments of 30wt% amines (aq.). Fcoz =
2% and Tcondenser = 5 °C unless otherwise specified. Where values are not given, analysis has not been
performed, but values extrapolated from the data of samples taken before and after. R1-R6 represent six
individual reactors in two separate setups. They are all constructed identically.

MEA 30wt% (aq.)

Titration COs-conc. o CO2-free conc. Water loss corr.

Day [Molaikatinity/kg] [g/kg] [molcoz/molaikainity] [molaikatinity/kg] [MOlaikaiinity/kg]
0 4.339 77.37 0.41 4.675 4.675
R1 day 2 4.166 4.477 4512
R2 day 2 4.187 4.506 4.542
R3 day 2 4.195 4.521 4.557
R1 day 3 3.946 74,51 0.43 4.240 4.291
R2 day 3 4.021 76.23 0.43 4.328 4.379
R3 day 3 4118 77.64 0.43 4.437 4.490
R1day 7 3.417 61.34 0.41 3.626 3.727
R2 day 7 3.586 66.30 0.42 3.824 3.930
R3 day 7 3.803 69.79 0.42 4.068 4.181
R1 day 10 2.862 3.038 3.159
R2 day 10 3.138 3.346 3.479
R3 day 10 3.362 3.596 3.739
R1 day 14 2.277 36.76 0.37 2.361 2.492
R2 day 14 2.592 43.64 0.38 2.705 2.855
R3 day 14 2.883 49.46 0.39 3.025 3.193
R1 day 17 2.019 2.093 2.234
R2 day 17 2.299 2.400 2.562
R3 day 17 2.546 2.672 2.852
R1 day 21 1.723 24.64 0.33 1.765 1.912
R2 day 21 2.012 30.49 0.34 2.073 2.246
R3 day 21 2.209 35.16 0.36 2.287 2477

MEA 30wt% (ag.), without CO2

Titration CO2-conc. o CO»-free conc. Water loss corr.

Day [molaikatinity/kg] [9/kg] [molcoz/molaikatinity] [molaikatinity/kg] [molaikatinity/Kg]
0 4.913 4.913 4.913
R4 day 3 4,941 4,941 4.896
RS5 day 3 4.956 4.956 4.909
R6 day 3 4.972 4.972 4.914
R4 day 7 4.965 4.965 4.861
RS day 7 5.006 5.006 4.894
R6 day 7 4.954 4.954 4.819
R4 day 10 5.001 5.001 4.851
R5 day 10 5.036 5.036 4.875
R6 day 10 5.022 5.022 4.826
R4 day 14 4.981 4.981 4.772
RS day 14 5.065 5.065 4.838
R6 day 14 5.079 5.079 4.802
R4 day 17 5.059 5.059 4.801
R5 day 17 5.063 5.063 4.788
R6 day 17 5.099 5.099 4.761
R4 day 21 5.072 5.072 4.752
R5 day 21 5.142 5.142 4.797
R6 day 21 5.163 5.163 4.740
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MEA 30wt% (aq.), without FeSOa4

Titration CO2-conc. o CO:-free conc. Water loss corr.

Day [mOlaikatinity/Kg] [a/kg] [molcoz/molaikaiinity] [molaikatinity/Kg] [molaikatinity/kg]
0 4.538 83.16 0.42 4.916 4.916
R2 day 3 4.544 87.84 0.44 4.943 4.901
R3 day 3 4.503 90.35 0.46 4.910 4.867
R2 day 7 4.531 82.03 0.41 4.902 4.802
R3 day 7 4.516 81.61 0.41 4.884 4.784
R2 day 10 4.576 4.952 4.810
R3 day 10 4.562 4.939 4.796
R2 day 14 4.566 82.17 0.41 4,941 4.741
R3 day 14 4573 82.56 0.41 4.951 4.751
R2 day 17 4.599 4974 4.732
R3 day 17 4.587 4.969 4.727
R2 day 21 4.540 83.70 0.42 4.920 4.621
R3 day 21 4.582 83.29 0.41 4.964 4.664

MMEA 30wt% (aq.), condenser temperature 5 °C

Titration CO3-conc. o CO:-free conc. Water loss corr.

Day [MOlaikatinity/kg] [g/kg] [molcoz/molaikatinity] [molaikatinity/kg] [molaikatinity/kg]
R1 day 0 3.716 70.93 0.43 3.980 3.980
R2 day 0 3.706 70.45 0.43 3.968 3.968
R3 day 0 3.705 69.61 0.43 3.963 3.963
R1 day 3 3.606 66.81 0.42 3.606 3.634
R2 day 3 3.658 67.61 0.42 3.658 3.683
R3 day 3 3.590 67.33 0.43 3.590 3.612
R1day 7 3.236 58.68 0.41 3.236 3.295
R2 day 7 3.252 59.31 0.41 3.252 3.302
R3 day 7 3.198 57.72 0.41 3.198 3.243
R1 day 10 2.975 52.07 0.40 2.975 3.052
R2 day 10 2.979 53.97 0.41 2.979 3.044
R3 day 10 2912 51.60 0.40 2912 2.970
R1 day 14 2.672 46.52 0.40 2.672 2.769
R2 day 14 2.672 46.46 0.40 2.672 2.754
R3 day 14 2.574 45.42 0.40 2.574 2.646
R1 day 17 2.478 42.94 0.39 2.478 2.588
R2 day 17 2.468 42.96 0.40 2.468 2.560
R3 day 17 2.375 41.39 0.40 2.375 2.456
R1 day 21 2.256 39.65 0.40 2.256 2.379
R2 day 21 2.264 40.19 0.40 2.264 2.368
R3 day 21 2.159 38.88 0.41 2.159 2.250

MMEA 30wt% (aq.), condenser temperature 17 °C

Titration CO3-conc. o CO2-free conc. Water loss corr.

Day [molaikaiinity/kg] [g/kg] [molcoz/molaikaiinity] [molaikatinity/Kg] [molaikatinity/Kg]
0 3.643 67.57 0.42 3.980 3.889
R1 day 3 3.355 3.558 3.605
R2 day 3 3.359 3.564 3.596
R3 day 3 3.303 3.500 3.535
R1day 7 2.973 53.36 0.41 3.236 3.227
R2 day 7 3.000 54.22 0.41 3.252 3.230
R3 day 7 2.909 52.23 0.41 3.198 3.130
R1 day 10 2.721 2.850 2.974

217



R2 day 10 2.774 2.910 2.999
R3 day 10 2.641 2.763 2.853
R1 day 14 2.482 41.85 0.38 2.672 2.742
R2 day 14 2.529 43.50 0.39 2.672 2.752
R3 day 14 2.376 40.06 0.38 2.574 2.583
R1 day 17 2.322 2411 2.589
R2 day 17 2.355 2.448 2.575
R3 day 17 2.219 2.300 2.427
R1 day 21 2.146 35.05 0.37 2.256 2.423
R2 day 21 2.170 35.76 0.37 2.264 2.392
R3 day 21 2.050 33.14 0.37 2.159 2.262
DMMEA 30wt% (ag.) 2% CO>

Titration COz-conc. o CO2-free conc. Water loss corr.

Day [mOlaikatinity/Kg] [a/kg] [molcoz/molaikaiinity] [mOlaikatinity/Kg] [mOlaikatinity/kg]
0 3.161 59.07 0.42 3.348 3.348
R1day 3 3.208 22.49 0.16 3.280 3.328
R2 day 3 3.210 24.61 0.17 3.289 3.328
R3 day 3 3.199 23.03 0.16 3.273 3.319
R1day 7 3.119 20.89 0.15 3.184 3.293
R2 day 7 3.123 21.52 0.16 3.190 3.279
R3 day 7 3.109 20.98 0.15 3.175 3.280
R1 day 10 3.072 20.96 0.16 3.137 3.290
R2 day 10 3.103 21.20 0.16 3.169 3.294
R3 day 10 3.058 20.96 0.16 3.123 3.271
R1 day 14 3.000 20.25 0.15 3.060 3.270
R2 day 14 3.024 21.11 0.16 3.088 3.260
R3 day 14 3.009 20.66 0.16 3.071 3.275
R1 day 17 2.943 20.43 0.16 3.003 3.252
R2 day 17 2.969 21.20 0.16 3.032 3.236
R3 day 17 2.931 20.50 0.16 2.991 3.232
R1 day 21 2.860 20.23 0.16 2.918 3.217
R2 day 21 2913 20.90 0.16 2974 3.222
R3 day 21 2.851 20.22 0.16 2.909 3.199

DMMEA 30wt% (aq.) 16.5% CO;

Titration COz-conc. o CO;-free conc. Water loss corr.

Day [molaikaiinity/Kg] [g/kg] [molcoz/molaikatinity] [molaikatinity/kg] [molaikatinity/kg]
0 3.116 49.16 0.36 3.269 3.269
R4 day 3 3.078 100.66 0.74 3.388 3.340
R5 day 3 3.126 80.04 0.58 3.376 3.324
R4 day 7 3.115 100.94 0.74 3.430 3.317
R5 day 7 3.067 97.62 0.72 3.366 3.244
R4 day 10 3.143 102.66 0.74 3.465 3.303
R5 day 10 3.104 99.78 0.73 3.414 3.236
R4 day 14 3.153 102.80 0.74 3.478 3.249
R5 day 14 3.149 97.76 0.71 3.457 3.206
R4 day 17 3.185 100.96 0.72 3.507 3.226
R5 day 17 3.164 97.93 0.70 3.473 3.166
R4 day 21 3.231 101.64 0.71 3.559 3.208
R5 day 21 3.215 98.79 0.70 3.533 3.147
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DGA 30wt% (aq.)

Titration CO2-conc. o CO:-free conc. Water loss corr.

Day [MOlaikatinity/kg] [g/kg] [molcoz/molaikaiinity] [molaikatinity/Kg] [mOlaikaiinity/kg]
0 2.698 52.91 0.45 2.841 2.840
R1 day 3 2.620 45.60 0.40 2.740 2.772
R2 day 3 2.656 46.70 0.40 2.780 2.807
R3 day 3 2.649 46.29 0.40 2.772 2.806
R1day 7 2.485 42.73 0.39 2.591 2.649
R2 day 7 2.515 43.71 0.39 2.625 2.678
R3 day 7 2.529 43.43 0.39 2.639 2.705
R1 day 10 2.355 2.355 2.431
R2 day 10 2.427 2.528 2.601
R3 day 10 2.420 2.519 2.610
R1 day 14 2.186 37.64 0.39 2.269 2.370
R2 day 14 2.275 39.03 0.39 2.363 2.459
R3 day 14 2.296 38.78 0.38 2.385 2.505
R1 day 17 2.087 2.162 2.279
R2 day 17 2.177 2.257 2.368
R3 day 17 2171 2171 2.304
R1 day 21 2.003 33.67 0.38 2.070 2.209
R2 day 21 2.092 34.81 0.38 2.165 2.296
R3 day 21 2.098 34.87 0.38 2.171 2.335

AP 30wt% (aq.)

Titration CO3-conc. o CO2-free conc. Water loss corr.

Day [MOlaikatinity/kg] [g9/kg] [molcoz/molaikainity] [moOlaikatinity/kg] [molaikatinity/kg]
0 3.755 71.63 0.43 4.024 4.024
R1 day 3 3.683 78.61 0.49 3.972 3.972
R2 day 3 3.700 78.07 0.48 3.988 3.988
R1day 7 3.619 82.91 0.52 3.920 3.918
R2 day 7 3.600 76.08 0.48 3.874 3.872
R1 day 10 3.601 73.91 0.47 3.868 3.865
R2 day 10 3.577 74.42 0.47 3.843 3.840
R1 day 14 3.515 72.86 0.47 3.771 3.767
R2 day 14 3.550 73.60 0.47 3.811 3.807
R1 day 17 3.466 73.84 0.48 3.722 3.718
R2 day 17 3.501 73.75 0.48 3.759 3.755
R1 day 21 3.414 71.27 0.47 3.657 3.652
R2 day 21 3.452 71.98 0.47 3.700 3.695

DEEA 30wt% (ag.) 16.5% CO2

Titration CO3-conc. o CO:-free conc. Water loss corr.

Day [mOlaikatinity/Kg] [a/kg] [molcoz/molaikaiinity] [mOlaikatinity/Kg] [mOlaikatinity/Kg]
R1 day 0 1.826 58.53 0.73 1.933 1.933
R2 day 0 2.378 46.24 0.44 2.488 2.488
R1 day 3 1.856 57.92 0.71 1.964 1.951
R2 day 3 2.374 2.534 2,512
R1day 7 1.891 58.39 0.70 2.001 1.971
R2 day 7 2.373 67.36 0.64 2.533 2.482
R1 day 10 1.874 58.73 0.71 1.984 1.940
R2 day 10 2.386 2.547 2473
R1 day 14 1.894 58.54 0.70 2.005 1.943
R2 day 14 2.405 67.81 0.64 2.568 2.462
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R1 day 17 1.916 58.77 0.70 2.029 1.953
R2 day 17 2.374 2.535 2.410
R1 day 21 1.914 58.87 0.70 2.026 1.933
R2 day 21 2.410 46.24 0.44 2.522 2417
DEEA 30wt% (aq.) 3.5% CO2
Titration COz-conc. o CO;-free conc. Water loss corr.
Day [mOlaikatinity/Kg] [9/kg] [molcoz/molaikainity] [molaikatinity/kg] [mOlaikaiinity/kg]
0 1.914 45.12 0.54 2.000 2.000
R1 day 3 1.929 35.25 0.42 1.997 1.981
R2 day 3 1.917 35.19 0.42 1.984 1.971
R1day 7 1.922 34.57 0.41 1.988 1.952
R2 day 7 1.929 34.97 0.41 1.996 1.967
R1 day 10 1.938 34.07 0.40 2.004 1.952
R2 day 10 1.935 34.54 0.41 2.002 1.960
R1 day 14 1.936 32.81 0.39 2.000 1.927
R2 day 14 1.939 33.38 0.39 2.004 1.945
R1 day 17 1.965 32.96 0.38 2.030 1.940
R2 day 17 1.942 33.17 0.39 2.006 1.935
R1 day 21 1.954 35.47 0.41 2.023 1.913
R2 day 21 1.943 35.41 0.41 2.012 1.923
DMPA 30wt% (aq.) 3.5% CO2
Titration CO2-conc. o CO:-free conc. Water loss corr.
Day [molaikainity/kg] [g/kg] [molcoz/molaikaiinity] [molaikaiinity/kg] [molaikaiinity/Kg]
0 2.648 80.09 0.69 2.860 2.860
R1 day 3 2.794 2.880 2.854
R3 day 3 2.812 28.89 0.23 2.893 2.873
R1day 7 2.834 2.916 2.855
R3 day 7 2.787 28.89 0.24 2.867 2.807
R1 day 10 2.843 2.923 2.835
R3 day 10 2.791 28.06 0.23 2.869 2.783
R1 day 14 2.846 2,921 2.798
R3 day 14 2.811 26.56 0.21 2.885 2.764
R1 day 17 2.857 2.933 2.783
R3 day 17 2.824 26.58 0.21 2.899 2.752
R1 day 21 2.850 2.930 2.746
R3 day 21 2.794 28.29 0.23 2.873 2.692
DMPA 30wt% (aq.) 16.5% CO2
Titration CO;-conc. o CO:-free conc. Water loss corr.
Day [MOlaikatinity/Kg] [g/kg] [molcoz/molaikatinity] [molaikaiinity/kg] [molaikatinity/kg]
0 2.711 85.11 0.71 2.941 2.941
R3 day 3 2.699 62.83 0.53 2.869 2.847
R3 day 7 2.588 63.22 0.56 2.751 2.703
R3 day 10 2.718 63.47 0.53 2.890 2.818
R3 day 14 2.729 63.02 0.52 2.901 2.799
R3 day 17 2.753 62.20 0.51 2.925 2.800
R3 day 21 2.768 61.92 0.51 2.939 2.785
TEA 30Wt% (ag.) 3.5% CO»
Titration COz-conc. o CO;-free conc. Water loss corr.
Day [MOlaikatinity/Kg] [a/kg] [molcoz/molaikatinity] [molaikaiinity/kg] [Molaikaiinity/Kg]
0 1.959 42.23 0.49 2.041 2.042
R2 day 3 2.032 3.70 0.04 2.039 2.022

220



R3 day 3 2.041 2.049 2.031
R2 day 7 2.037 5.88 0.07 2.049 2.008
R3 day 7 2.053 5.84 0.06 2.065 2.023
R2 day 10 2.044 3.75 0.04 2.052 1.992
R3 day 10 2.051 2.058 1.999
R2 day 14 2.066 3.59 0.04 2.073 1.989
R3 day 14 2.092 3.28 0.04 2.098 2.014
R2 day 17 2.056 3.69 0.04 2.063 1.962
R3 day 17 2.098 2.106 2.002
R2 day 21 2.092 3.42 0.04 2.099 1.971
R3 day 21 2.099 3.63 0.04 2.107 1.978
TEA 30Wt% (ag.) 16.5% CO2

Titration COz-conc. o CO2-free conc. Water loss corr.

Day [mOlaikatinity/Kg] [a/kg] [molcoz/molaikaiinity] [mOlaikatinity/Kg] [mOlaikatinity/kg]
0 1.938 32.06 0.38 2.000 2.000
R5 day 3 2.009 23.01 0.26 2.055 2.021
R6 day 3 2.015 24.91 0.28 2.065 2.031
R5 day 7 2.033 23.76 0.27 2.081 2.001
R6 day 7 2.044 24.90 0.28 2.094 2.015
R5 day 10 2.056 24.14 0.27 2.106 1.992
R6 day 10 2.063 24.89 0.27 2114 2.000
R5 day 14 2.087 23.79 0.26 2.136 1.977
R6 day 14 2.073 24.88 0.27 2.124 1.965
R5 day 17 2.113 24.34 0.26 2.164 1.971
R6 day 17 2.089 25.69 0.28 2.143 1.949
R5 day 21 2.151 24.54 0.26 2.204 1.965
R6 day 21 2.114 25.53 0.27 2.167 1.928

MDEA 30wt% (aq.) 16.5% CO>

Titration CO;-conc. o CO;-free conc. Water loss corr.

Day [MOlaikatinity/Kg] [a/kg] [molcoz/molaikatinity] [molaikatinity/kg] [Molaikaiinity/Kg]
R6 day 0 2414 43.74 0.41 2.519 2.519
R4 day 0 2.414 37.00 0.35 2.503 2.503
R6 day 3 2.416 59.66 0.56 2.560 2,515
R4 day 3 2.401 61.64 0.58 2.549 2.524
R6 day 7 2.482 59.86 0.55 2.630 2.525
R4 day 7 2427 60.55 0.57 2.574 2.516
R6 day 10 2.492 61.04 0.56 2.644 2.493
R4 day 10 2.439 60.70 0.57 2.587 2.504
R6 day 14 2.525 61.61 0.55 2.681 2.469
R4 day 14 2.460 61.59 0.57 2.612 2.496
R6 day 17 2.545 60.18 0.54 7.176 2.441
R4 day 17 2477 62.18 0.57 7.027 2.491
R6 day 21 2.594 61.58 0.54 2.754 2.437
R4 day 21 2.501 62.12 0.56 2.657 2.483

MDEA 30wt% (aq.) 2% CO2

Titration CO2-conc. o CO:-free conc. Water loss corr.

Day [mOlaikatinity/kg] [a/kg] [molcoz/molaikatinity] [molaikatinity/kg] [molaikatinity/kg]
0 2.374 42.94 0.41 2.476 2.476
R4 day 3 2.485 16.01 0.15 2.525 2.503
R5 day 3 2.481 2.519 2.494
R4 day 7 2.484 15.98 0.15 2.524 2.473
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R5 day 7 2.455 15.10 0.14 2.492 2.435
R4 day 10 2.499 16.06 0.15 2.539 2.467
R5 day 10 2.497 2.535 2.453
R4 day 14 2.488 16.05 0.15 2.528 2.427
RS day 14 2.502 15.19 0.14 2.540 2.426
R4 day 17 2.523 2.563 2.441
R5 day 17 2.518 2.555 2.416
R4 day 21 2.512 15.54 0.14 2.551 2.400
R5 day 21 2.540 14.49 0.13 2.577 2.406
PZ 30wt% (aq.)

Titration CO3-conc. o CO2-free conc. Water loss corr.

Day [MOlaikatinity/Kg] [g/kg] [molcoz/molaikatinity] [molaikainity/kg] [Molaikaiinity/Kg]
0 6.550 71.38 0.25 7.018 7.018
R1 day 3 6.482 87.01 0.31 7.046 7.017
R6 day 3 6.301 107.34 0.39 6.977 6.954
R1day 7 6.459 91.08 0.32 7.047 6.979
R6 day 7 6.326 107.45 0.39 7.006 6.952
R1 day 10 6.454 92.16 0.32 7.049 6.950
R6 day 10 6.374 108.11 0.39 7.063 6.986
R1 day 14 6.518 92.66 0.32 7.122 6.985
R6 day 14 6.396 109.29 0.39 7.095 6.987
R1 day 17 6.584 7.176 7.009
R6 day 17 6.354 7.027 6.896
R1 day 21 6.563 87.09 0.30 7.135 6.928
R6 day 21 6.503 102.39 0.36 7.168 7.006

EAE 30wt% (aq.)

Titration COz-conc. o CO;-free conc. Water loss corr.

Day [MOlaikatinity/kg] [a/kg] [molcoz/mOlaikatinity] [molaikainity/kg] [molaikatinity/kg]
0 3.227 62.34 0.44 3.428 3.428
R1 day 3 3.045 55.24 0.41 3.213 3.194
R2 day 3 3.026 55.95 0.42 3.195 3.176
R1day 7 2911 51.18 0.40 3.060 3.014
R2 day 7 2.869 50.60 0.40 3.014 2.968
R1 day 10 2.735 48.90 0.41 2.869 2.804
R2 day 10 2.720 48.02 0.40 2.851 2.785
R1 day 14 2.580 45.31 0.40 2.697 2.606
R2 day 14 2.516 44.59 0.40 2.628 2.537
R1 day 17 2.428 2.528 24172
R2 day 17 2.353 2.447 2.3366
R1 day 21 2.204 36.66 0.38 2.284 2.148
R2 day 21 2.127 35.44 0.38 2.202 2.065

MAPA 30wt% (aq.)

Titration COz-conc. o CO2-free conc. Water loss corr.

Day [molaikaiinity/Kg] [a/kg] [molcoz/molaikainity] [molaikatinity/Kg] [molaikatinity/kg]
0 6.392 60.79 0.22 6.781 6.781
R1 day 3 5.803 91.82 0.36 6.336 6.295
R2 day 3 5.943 84.72 0.32 6.447 6.394
R1day 7 5.465 107.90 0.45 6.055 5.960
R2 day 7 5.518 108.40 0.45 6.116 5.992
R1 day 10 5.220 104.13 0.45 5.763 5.628
R2 day 10 5.405 108.49 0.46 5.991 5.815
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R1 day 14 4.954 97.40 0.45 5.436 5.246
R2 day 14 5.225 104.45 0.45 5.771 5.524
R1 day 17 4.767 91.66 0.44 5.203 4.822
R2 day 17 5.092 100.00 0.45 5.601 5.098
R1 day 21 4.422 84.11 0.43 4.794 4.403
R2 day 21 4.901 96.11 0.45 5.372 4.825
AMP 30wt% (aq.)
Titration CO2-conc. o CO:-free conc. Water loss corr.
Day [mOlaikatinity/kg] [a/kg] [molcoz/molaikainity] [molaikaiinity/Kg] [MOlaikaiinity/kg]
R3(1) day 0 3.142 61.60 0.45 3.335 3.335
R3(2) day 0 3.142 58.87 0.43 3.327 3.327
R3(1) day 3 3.250 32.85 0.23 3.356 3.328
R3(2) day 3 3.257 35.14 0.25 3.371 3.334
R3(1) day 7 3.300 31.63 0.22 3.405 3.339
R3(2) day 7 3.270 3341 0.23 3.379 3.293
R3(1) day 10 3.298 31.64 0.22 3.402 3.309
R3(2) day 10 3.275 33.55 0.23 3.385 3.261
R3(1) day 14 3.323 32.27 0.22 3.430 3.299
R3(2) day 14 3.276 35.50 0.25 3.393 3.220
R3(1) day 17 3.347 31.91 0.22 3.454 3.295
R3(2) day 17 3.285 35.01 0.24 3.400 3.191
R3(1) day 21 3.363 32.01 0.22 3.471 3.275
R3(2) day 21 3.309 35.83 0.25 3.427 3.169
MIPA 30wt% (aq.)
Titration COz-conc. o CO2-free conc. Water loss corr.
Day [mOlaikatinity/kg] [a/kg] [molcoz/molaikatinity] [molaikatinity/kg] [molaikatinity/kg]
0 3.950 76.97 0.44 4.254 4.254
R1 day 3 3.743 70.07 0.43 4.005 3.977
R2 day 3 3.812 71.38 0.43 4.084 4.056
R1day 7 3.437 62.15 0.41 3.650 3.585
R2 day 7 3.594 66.17 0.42 3.831 3.766
R1 day 10 3.236 57.26 0.40 3.421 3.327
R2 day 10 3.476 63.29 0.41 3.696 3.602
R1 day 14 2.923 50.82 0.40 3.072 2.941
R2 day 14 3.227 57.87 0.41 3.414 3.283
R1 day 17 2.715 48.07 0.40 2.846 2.687
R2 day 17 3.096 55.32 0.41 3.268 3.109
R1 day 21 2.456 42.34 0.39 2.560 2.364
R2 day 21 2.919 52.75 0.41 3.073 2.877
AEP 30wt% (ag.)
Titration CO3-conc. o CO»-free conc. Water loss corr.
Day [molaikaiinity/kg] [a/kg] [molcoz/molaikatinity] [molaikaiinity/kg] [mOlaikatinity/Kg]
0 4.485 48.06 0.24 4.701 4,701
R1 day 3 4.485 77.60 0.39 4.833 4571
R2 day 3 4.485 75.57 0.38 4.824 4.635
R1 day 7 4.255 84.86 0.45 4.616 4577
R2 day 7 4.269 84.99 0.45 4.632 4.613
R1 day 10 4.288 86.20 0.46 4.657 4.601
R2 day 10 4.283 85.38 0.45 4.649 4.621
R1 day 14 4.290 85.44 0.45 4.657 4578
R2 day 14 4.304 86.29 0.46 4.676 4.636
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R1 day 17 4.329 85.44 0.45 4.698 4.603
R2 day 17 4.307 86.18 0.45 4.678 4.630
R1 day 21 4.302 85.56 0.45 4.670 4.552
R2 day 21 4.360 86.57 0.45 4.737 4.678
1-(2HE)PP 30wt% (aq.)

Titration COz-conc. o CO;-free conc. Water loss corr.

Day [mOlaikatinity/Kg] [9/kg] [molcoz/molaikainity] [molaikatinity/kg] [mOlaikaiinity/kg]
0 2.168 59.00 0.62 2.296 2.296
R4 day 3 2.135 83.42 0.89 2.313 2.286
R5 day 3 2.157 86.28 0.91 2.343 2.300
R4 day 7 2.164 85.55 0.90 2.349 2.285
R5 day 7 2.179 85.02 0.89 2.364 2.279
R4 day 10 2.160 85.02 0.89 2.344 2.253
R5 day 10 2.190 86.96 0.90 2.381 2.253
R4 day 14 2.197 86.24 0.89 2.387 2.256
R5 day 14 2.226 86.97 0.89 2.420 2.242
R4 day 17 2.211 86.95 0.89 2.403 2.244
R5 day 17 2.246 87.32 0.88 2.443 2.226
R4 day 21 2.229 87.61 0.89 2.425 2.226
R5 day 21 2.258 89.82 0.90 2.460 2.187

DMAPA 30wt% (aq.)

Titration CO2-conc. o CO:-free conc. Water loss corr.

Day [molaikainity/kg] [g/kg] [molcoz/molaikaiinity] [molaikaiinity/kg] [molaikaiinity/Kg]
0 5.589 54.29 0.22 5.893 5.893
R1 day 3 5.425 85.83 0.36 5.891 5.861
R2 day 3 5.418 83.56 0.35 5.871 5.836
R1day 7 5.381 97.58 0.41 5.906 5.836
R2 day 7 5.416 98.36 0.41 5.949 5.866
R1 day 10 5.416 98.49 0.41 5.949 5.848
R2 day 10 5.438 99.76 0.42 5.980 5.860
R1 day 14 5.365 97.92 0.41 5.891 5.750
R2 day 14 5.467 100.90 0.42 6.019 5.850
R1 day 17 5.416 98.38 0.41 5.948 5.776
R2 day 17 5.501 100.18 0.41 6.052 5.846
R1 day 21 5.433 98.21 0.41 5.967 5.754
R2 day 21 5.523 100.22 0.41 6.077 5.821

1DMAZ2P 30wt% (aq.), 8% CO2

Titration CO;-conc. o CO:-free conc. Water loss corr.

Day [MOlaikatinity/Kg] [g/kg] [molcoz/molaikatinity] [molaikatinity/kg] [molaikatinity/kg]
0 2.710 54.40 0.46 2.858 2.858
R4 day 3 2.595 58.47 0.51 2.746 2.709
R5 day 3 2.560 2.702 2.662
R4 day 7 2.481 57.00 0.52 2.620 2.540
R5 day 7 2.411 56.60 0.53 2.576 2.460
R4 day 10 2.376 56.06 0.54 2.511 2.396
R5 day 10 2.300 2.441 2.321
R4 day 14 2.281 68.74 0.68 2.384 2.284
R5 day 14 2.192 65.72 0.68 2.192 2.175
R4 day 17 2.225 56.91 0.58 2.225 2172
R5 day 17 2.131 55.36 0.59 2.131 2.062
R4 day 21 2141 51.99 0.55 2.141 2.040
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R5 day 21 2.033 45.00 2.125 1.906

Table S4: Summary of results from different analytical methods, quantifying the amine loss and heat
stable salt (HSS) accumulation after 21 days under oxidative conditions. Uncertainty given as standard

error within parallel experiments. LC-MS analysis was only performed for one experiment each.

Amine Amine titration IC LC-MS HSS [mol kg ]
AEP 0+1% - 0.03 £0.01
AMP 3+2% - 0.00 +0.001

AP 9+1% 8+ 4% - 0.06 +0.01

DEEA 4+0.4% 5% - 0.01 +0.002

DMAPA 2+1% - 0.01 +0.0001
DMMEA 4+0.4% 9+8% - 0.02 +0.001
DGA 20+ 2% 19 + 8% - 0.11 +0.02

DMPA 5+1% 8+ 3% 17% 0.01 +£0.002
EAE 39+ 2% 35+5% - 0.20 £ 0.02

1-(2HE)PP 4+1% - 0.00 +0.002

MAPA 32+ 4% 41+ 8% 41% 0.05+0.01

MDEA 2+1% - 0.01 +0.003
MEA 53+ 6% 52 +5% 46% 0.33 £0.002
MIPA 38+ 9% - 0.12 £0.02

MMEA 41+ 2% 37+2% 37% 0.13+0.1

74 1+1% - 0.00 +0.001
TEA 4+1% - 0.01 +0.001

Table S5: Amine loss in oxidative and thermal degradability studies

) Oxidative degradation Davis 2009 Eide-Haugmo 2011
Amine Amine loss (Ciost)/(Crost, MEA) AITSISe (Crost)/(Crost MEA) AITSIQE (Crost)/(Clost, MMEA)
MEA 53 % 1.00 37 % 1.00 56 % 0.58
MMEA 41 % 0.77 - - 96 % 1.00
DMMEA 4% 0.08 - - 29% 0.30
MAPA 32% 0.60 - - 50 % 0.52
DEEA 4% 0.08 - - 14 % 0.15
MDEA 2% 0.04 37 % 1.00 37 % 0.39
DMAPA 2% 0.04 - - 60 % 0.63
DGA 20 % 0.38 7% 0.19 6% 0.07
AP 9% 0.17 13 % 0.35 21% 0.22
TEA 4% 0.08 - - 10 % 0.10
Pz 1% 0.02 0% 0.00 - -
AMP 3% 0.06 9% 0.24 5% 0.05
MIPA 38 % 0.72 - - 19% 0.20
AEP 0% 0.00 37% 1.00 - -
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Table S6: Measured concentrations of organic acids by anion IC. Concentrations in red are below the quantification limit and have therefore not been included.

Amine Reactor D Mampte [9]  Muater [9]  Crormateit (PPM)  Crormorig (PPM)  Cacetateit (PPM)  Cacorig (PPM)  Coxatateit (PPM)  Coxorig (PPM)
AEP Mix AEP1 0.05933 7.29656 1.68 209 - - -0.04 -4
AMP Mix AMP1 0.06242 7.13435 -0.19 22 0.01 2 -0.16 -19

AP R1 AP3 0.04544 5.93319 6.50 855 - 0.36 47
R2 AP4 0.06732 6.11475 8.07 741 - - 0.31 28

DEEA Mix DEEAL 0.06269 6.58165 -0.10 -11 -0.02 2 013 -14

DGA/ R1 DGAL 0.02155 6.00323 12.94 3618 0.24 66 0.56 157
22-AEE R2 DGA2 0.02082 6.17566 9.88 2940 0.15 43 0.45 135
R3 DGA3 0.02084 6.15724 8.28 2453 - - 0.40 119
DMAPA Mix DMAPAL  0.06338 6.67958 -0.08 9 0.00 0 -0.20 21
1DMAZP R4 1DMA2P1  0.05800 6.37481 1.92 212 0.33 37 0.33 37
R5 1DMA2P2  0.05827 6.43518 1.82 203 0.33 37 0.28 31
DMMEA Mix ~ DMMEAl  0.06208 6.46168 6.46 679 0.01 1 0.23 24

DMPA R3 DMPA2 0.06657 6.17192 - - 0.12 12 0.29 27

DMPA Mix DMPA3 0.06267 6.46978 256 267 0.23 24 0.12 13
EAE R2 EAEL 0.02155 6.45277 9.75 2930 1.83 550 4.67 1403

R3 EAE2 0.02061 6.73907 1021 3348 1.88 617 4.90 1607
1-(2HE)PP Mix HEPP1 0.05901 6.44074 -0.02 2 -0.06 ) -0.18 20
MAPA R1 MAPAL 0.06058 6.20262 12.70 1313 1.49 154 0.33 34
R2 MAPA2 0.06106 6.28508 8.08 840 - - 0.13 13
MDEA R4 MDEAL 0.06410 6.92249 1.10 120 -0.03 -4 -0.08 9
Mix MEAL 0.02108 6.35388 23.96 7245 0.65 196 358 1084
MEA Mix MEAL 0.02108 6.35388 24.13 7298 0.68 206 3.37 1020
R2 MEA2 0.02147 6.72174 20.15 6330 0.73 228 3.00 944
R3 MEA3 0.02130 6.55473 17.60 5434 0.79 243 2.45 758
MIPA Mix MIPAL 0.02107 6.27327 7.09 2118 4.22 1262 0.60 179
R1 MMEAL 0.02103 6.55799 10.44 3265 0.96 299 213 665
MMEA R1 MMEAL-2  0.04151 6.47344 20.59 3232 1.96 308 3.92 616
R2 MMEA2 0.02109 6.12129 1157 3368 1.07 311 237 690
R3 MMEA3 0.02085 6.28982 11.47 3473 0.95 289 3.27 990
PZ Mix PZ1 0.06654 6.60707 0.27 27 0.14 14 -0.20 20
TEA Mix TEAL 0.06528 7.35366 0.07 8 0.06 7 -0.15 17
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Table S7: Dissolved oxygen (DO) concentration in biodegradability tests of amines after given number
of days of incubation.

DO [mg L?]
Test substance Replicate Day 0 Day 7 Day 14 Day 28

1 7.08 6.89 6.67

1DMA2P 7.26
2 6.97 6.77 6.59
1 7.26 4.18 3.67

DMMEA 7.27
2 7.31 4.22 3.61
1 7.29 6.97 6.45

AEP 7.33
2 7.35 7.00 6.44
1 7.29 7.07 6.61

1-(2HE)PP 7.40
2 7.27 6.97 6.75
1 7.20 6.66 3.58

DMAPA 7.29
2 7.27 6.92 3.58
1 6.41 3.39 2.99

Aniline 7.40
2 6.45 3.29 2.88
1 7.34 7.10 6.79

Sea water 7.40
2 7.34 7.05 6.81

Table S8: Biological oxygen demand (BOD) in biodegradability tests of amines after given number of
days of incubation, calculated from amount of test substance added and DO concentration.

BOD [mg g'ltest substance]
Test

hEeTE Replicate Day 0 Day 7 Day 14 Day 28 Inhibition test  Abiotic test
1 0.13 0.09 0.06 1.83 -0.03
1DMA2P 0.07
2 0.18 0.15 0.10 1.84 -0.05
1 0.04 1.34 1.45 3.03 -0.05
DMMEA 0.06
2 0.01 1.32 1.48 3.16 -0.02
1 0.02 0.05 0.17 1.83 -0.04
AEP 0.03
2 0.00 0.04 0.18 1.75 -0.05
1 0.02 0.00 0.09 1.85 -0.04
1-(2HE)PP 0.00
2 0.03 0.05 0.02 1.70 -0.02
1 0.07 0.20 1.59 3.17 0.01
DMAPA 0.05
2 0.03 0.08 1.59 3.17 -0.03
1 0.44 1.73 1.79 - -
Aniline 0.00
2 0.42 1.78 1.84 - -
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Chapter 7

Addition of potassium 1odide reduces
oxidative degradation of
monoethanolamine (MEA)

This chapter contains the work conducted with stable salts as oxidative
degradation inhibitors, in the form of an article published in the online
journal Chemical Engineering Science: X. In this work we studied sodium
chloride and potassium iodide’s impact on a series of properties of
aqueous MEA solutions, only to discover a very positive degradation
inhibiting effect of potassium iodide under oxidative conditions.
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Abstract

We introduce the addition of stable salts to aqueous MEA as a way of inhibiting
oxidative degradation reactions. We performed oxidative degradation studies in
aqueous MEA containing sodium chloride (NaCl) and potassium iodide (KI). These
“salted amine solvents” have been shortened to SAS. The 2.0 %wt. and 1.0 %wt. Kl
SAS show remarkable oxidative degradation behaviour. Loss of alkalinity after 42
days of oxidative degradation experiments with the 1.0 %wt. KI SAS was of 4%,
whereas that of aqueous MEA was of 40% after only 21 days. We evaluated how the
addition of stable salts impacts CO; solubility, viscosity, and thermal degradation and
corrosion behaviour and verify negligible deviations from aqueous MEA. Thus,
addition of stable salts affects oxidative degradation phenomena without deranging
COs- solubility or mass transfer rates. With the promising inhibition behaviour of Kl
on MEA degradation, this work presents the initial steps towards making it a
commercially viable degradation inhibitor.
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1 Introduction

The use of aqueous amine solvents for CO, absorption is the state-of-the-art
technology for post-combustion CO, capture (Rochelle, 2016). Amine scrubbing is
at the forefront of greenhouse gas control techniques for climate change mitigation.
However, this is still a very capital-intensive process, and cutting costs is an essential
step for large scale deployment(Bui et al., 2018). The expenses associated with amine
degradation have been estimated as making up close to 10% of the total cost of CO,
capture via amine scrubbing (Vega et al., 2014). Oxidative degradation is the most
significative degradation pathway for amine loss experienced in industrial CO-
capture applications (Lepaumier et al., 2011) (Vega et al., 2014). Finding a suitable
inhibitor for oxidative degradation in aqueous amine solvents is crucial for reducing
costs and increasing the feasibility of CO, capture technologies.

Degradation is as much an operational as an economic problem, bringing forth
operational interruptions, incurring in solvent and plant replacement costs, and
increasing emissions, which impacts the environmental footprint of the process. The
benchmark solvent for amine-based flue gas scrubbing, monoethanolamine (MEA),
is known for its tendency to undergo rapid and uncontrollable oxidative degradation.
Experience from pilot campaigns with MEA proves that degradation is often the
reason for ending a campaign (Dhingra et al., 2017).

Mechanistically, oxidative degradation is not as well understood as the thermal
degradation pathways within the process, and different routes for the formation of a
multitude of identifiable degradation compounds have been suggested (Lepaumier et
al., 2009; Vevelstad et al., 2011; Vevelstad et al., 2016). It is commonly accepted that
the initial step of the oxidative degradation mechanism is a radical reaction, where
the amine reacts with dissolved oxygen originating from the flue gas. Such radical
reactions are assumed to be catalysed by dissolved metals such as iron and copper,
which have proven to increase degradation rates in laboratory scale studies (Blachly
and Ravner, 1963; Goff, 2005; Sexton and Rochelle, 2009). In the initial reaction
step, volatile ammonia, and organic acids such as formic, acetic, and oxalic acid are
formed. These acids can react further with one another or with other amine molecules
to create further degradation compounds, and are also known to give rise to corrosion
of the construction material (Rooney and DuPart, 2000).

As a means of tackling the issues of degradation and corrosion in CO; capture plants,
a plethora of degradation inhibitors have been suggested. There are typically three
categories of oxidative degradation inhibitors for amine solutions:

Oxygen or peroxide scavengers.
Chelating agents.
Stable salts.
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The first approach to finding degradation inhibitors was published in 1964, when
Blachly and Ravner tested ethylenediaminetetraacetic acid (EDTA) as a chelating
agent for inhibiting the reaction between amine and metals by forming chelate
complexes with metal ions. They also successfully proposed bicine as an efficient
peroxide scavenger, which proved to be an excellent degradation inhibitor in metal-
free solutions (Blachly and Ravner, 1964). Their findings have since been employed
for aiding CO- separation in nuclear submarines (Blachly and Ravner, 1965, 1966),
and EDTA has remained an attractive inhibitor, being thoroughly tested by many
researchers (Chi and Rochelle, 2002; Goff and Rochelle, 2006; Lee et al., 2012;
Sexton and Rochelle, 2009; Supap et al., 2011). More recently, a number of other
chelating agents and oxygen/peroxide scavengers have been assessed in Fytianos et
al. (2016).

One big issue with these two categories of inhibitors is that these materials lose effect
with time and require replenishing throughout the process. On the other hand, Goff
and Rochelle (2006) tested a range of heat stable salts as degradation inhibitors
including potassium chloride (KCI), potassium bromide (KBr) and potassium formate
(CHKOy) in concentrations between 10 and 1000 mM, observing a small decrease of
ammonia formation rate with both KBr and CHKO.. The great advantage of salt
addition, compared to scavenging additives, is that these salts simply change the
properties of the solvent without getting exhausted with time. As such, their need for
replenishing is minimal. Another significant advantage of employing stable salts for
reduction of amine degradability is their toxicity when compared to many suggested
degradation inhibitors, such as reactive vanadium or copper salts. Halide containing
stable salts were already pointed out as inhibitors for the oxidative degradation of
organic acids by Lee and Rochelle (1987). Their work proved that iodide (1) worked
as a powerful scavenger for sulfate (SO4%), inhibiting its oxidation of the organic
acid (CI" < Br~ < I"). Arecently published patent also identifies iodide as an effective
oxidative degradation inhibitor in the context of organic acids (Sjostrom et al., 2020).

In this study, we have analysed the effects of adding two stable inorganic salts to
aqueous monoethanolamine (MEA) solvents. These salts are sodium chloride (NaCl)
and potassium iodide (KI). The 30 %wt. MEA (aq.) with added salts have been
denominated “salted amine solvents”, or simply SAS. Their effects have been
evaluated in terms of changes in CO; solubility both at 40 and 120 °C, shifts in
viscosity of loaded and unloaded solvents, and overall effects on oxidative
degradation, thermal degradation, and corrosion phenomena in loaded MEA
solutions. Our results show that oxidative degradation is inhibited with addition of
both salts, and that the salts do not seem to be consumed through the course of our
experiments (i.e., their activity in inhibiting amine loss is not lost with time). In the
case of potassium iodide, this is achieved without a significant gain in viscosity.
Additionally, in neither case is there a significative loss of CO. solubility nor an
increase in thermal degradation or corrosion phenomena. These results are

233



encouraging for the use of potassium iodide as an oxidative degradation inhibitor in
the context of aqueous amine scrubbing.

2 Materials and methods

2.1 Chemicals

Monoethanolamine (CAS: 141-43-5, purity >99.0%), ferrous sulfate heptahydrate
(FeS04-7TH,0, CAS: 7782-63-0, purity > 99.0%) and potassium iodide (KI, CAS:
7681-11-0, purity > 99.0%) were purchased from Merck Life Science/Sigma Aldrich
Norway, and sodium chloride (NaCl, CAS: 7647-14-5) was purchased at a local
grocery store and was of the brand JOZO. Oxygen (O, N5.0) and carbon dioxide
(CO,, N5.0) gases were purchased from AGA, and deionized water was obtained
from a local water purification system at NTNU.

2.2 Oxidative degradation experiments

2.2.1 Setup 1 (three parallel reactors)

Oxidative degradation experiments were performed at absorber conditions in custom
made open, water bath-heated, double-jacketed glass reactors (approximately 250
mL) as shown in Figure 7.1. The reactor temperature was maintained at 60 °C and
the water bath-cooled Graham condensers at 5 °C. Each reactor was filled with 200
mL of the gravimetrically prepared solvent mixture, which was pre-loaded to 0.4 mol
of CO; per mol MEA and contained 0.5 mM iron sulfate (FeSO4-7H-0). A mixture
of 98% oxygen (O,) and 2% carbon dioxide (CO) gas was sparged through the
solutions at a rate of 60 mL min~! from Alicat mass flow controllers and through
Pyrex® glass gas distribution tubes of porosity grade 1, under constant magnetic
stirring for the total experimental time of three-six weeks. Empty gas wash bottles
were used as safety solvent traps between the mass flow controllers and the gas
distribution tubes in case of power outage. Sampling was performed on days 3, 7, 10,
14 and 17 (as well as 21, 28 and 35 for the six-week experiment), through a septum
on top of each reactor. Each experiment was performed in two or three parallels, and
the data presented in this work is given as the average values, with the standard
deviation of the sample average as uncertainty. Experiments were primarily
conducted in Setup 1, but validation was done with Setup 2, against published data
for MEA stability.
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Figure 7.1. Schematic of oxidative degradation Setup 1.

2.2.2 Setup 2 (single reactor)

1 L 30 %wt. MEA (aq.) with 2.0 %wt. K, preloaded with 0.4 molcoz molvea *and
FeSO4 (1 mM), was added to an open batch setup described in Vevelstad et al. (2016).
The setup belongs to SINTEF Industry and consists of a double-jacketed, water-bath
heated glass reactor, kept at 55 °C, with a double water-cooled Graham condenser,
continuous magnetic stirring and sparging with water-saturated gas (98% O-; 0.350
L mint and 2% CO,; 7.5 mL min?). A recycle gas stream (50 L h') is bubbled
through the solution for increased mass transfer from gas to liquid phase. This is
precisely the same apparatus employed by Vevelstad et al. (2016). The experiment
was performed for three weeks with regular sampling and the results were compared
to that of 30 %wt MEA without addition of iron as given in Vevelstad et al. (2016).

2.3 Thermal degradation experiments

Thermal degradation experiments were performed in accordance with Eide-Haugmo
et al. (2011) in stainless steel 316 cylinders with diameters of 0.5 inch and volumes
of approximately 11 mL equipped with Swagelok® end caps. The cylinders were
filled with 8 mL of the solution, which was pre-loaded to 0.4 molco, molvea* and
kept at 135 °C for up to five weeks. Each sampling involved the removal of two metal
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cylinders per experiment and the analyses of their contents, meaning that the sample
taken after three weeks was kept uninterruptedly at 135 °C for three weeks, etc. The
cylinders were weighed on a Mettler-Toledo ME204 analytical scale (taring range 0-
220 g and readability 0.0001 g) prior to the filling with solution, as well as after the
sample was removed, before and after the cylinders were washed with sulfuric acid
(H2S04, 0.1 M) to remove iron carbamate (FeCOs) and other corrosion products from
the stainless steel surface. The solutions were analysed for amine concentration by
titration, and CO; loading was verified by TIC procedures and sent for ICP-MS
analysis.

2.4 Vapor-liquid equilibrium experiments

A schematic drawing of the VLE apparatus employed in this work is shown in Figure
7.2. This apparatus and its standard operating procedure are the same as used in past
studies by our group (Bernhardsen et al., 2019; Hartono et al., 2017). What follows
is a quick recapitulation of what has been reported previously.
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Figure 7.2. Schematic of the vapor-liquid equilibrium setup.

The setup consists essentially of a steel cylinder containing pressurized CO; and a
stirred glass autoclave coupled to a Julabo temperature controller. Fresh solution
containing water, amine and salt is prepared gravimetrically and fed to the reactor.
This reactor is then vacuumed, so that the vapor phase in the autoclave should consist
only of solvent molecules in equilibrium with the liquid phase. The temperature
controller is set to its designed setpoint and the stirrer is turned on to approximately
500 rpm. After this setpoint is reached and enough time is given for temperature and
pressure to reach equilibrium both inside the CO; cylinder and the reactor, the valve
connecting these two equipments is opened. Gas flows from the cylinder to the
autoclave. Once enough CO; is injected, the valve is closed. Once again, one must
wait until temperature and pressure reach an equilibrium in both equipments. If
required, the CO; cylinder must be refilled. A new injection is made when
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temperature and pressure are stable again, and this cycle is repeated until the
autoclave reaches its maximum safe pressure of 600 kPa.

The volume comprised between the two valves and the CO; cylinder shown in Figure
7.2 has been previously calibrated, and so has the volume comprised between the
second valve and the autoclave. The volume of the liquid phase is considered constant
throughout the experiment, being estimated by knowledge of the amount of solvent
fed to the reactor plus its density, here assumed to be the same density of aqueous
MEA 30 %wt. at 40 °C as obtained by Amundsen et al. (2009). With volumes,
temperatures, and pressures for both the cylinder and the vapor phase of the autoclave
before and after each injection, mass balance calculations can be performed to
evaluate CO- loadings versus total pressure. In our work, the Peng-Robinson equation
of state has been chosen for estimating the molar quantity of CO; at all times.

This methodology does not allow for the direct evaluation of CO; partial pressures,
though these can be obtained by subtraction if one assumes that the solvent vapor
pressure is kept constant throughout the experiment. After the procedure is finished,
the solvent left in the reactor is titrated so that one can compare if the loading
calculated by mass balance is consistent with the loading evaluated analytically. A
match of +3% between these final loading values is considered sufficient for
validating our methodology. Additionally, our data is reported in the Appendix with
confidence intervals obtained by following the procedure outlined by Wanderley et
al. (2020).

2.5 Viscosity experiments

All viscosity experiments carried in this work were undertaken at 25 °C in an Anton
Paar MCR rheometer with a double gap measuring cell (Evjen et al., 2019; Hartono
et al., 2014; Skylogianni et al., 2019). This apparatus operates at atmospheric
pressures. The double gap cell is filled with about 3.6 mL of solvent and semi-closed,
so that there is little contact between the solution and the surrounding air and chemical
stability can be assumed (i.e. there is negligible loss of CO, to the atmosphere even
in loaded solutions). Once the liquid is enclosed, a rotor is set in motion. The shear
rates in the standard operational procedure vary between 10 and 1000 s*. A computer
connected to the equipment records shear stress versus shear rate values, producing
the dynamic viscosity as the slope between these two variables. Hartono et al. (2014)
have reported confidence intervals of £2% for the dynamic viscosities obtained with
this procedure, an interval that we assume to be valid for our data as well.

The loaded solvents evaluated in the Section 0 were obtained by preparing a fresh
solution, loading part of it with CO_ up to values above 0.5 molco, molwea * and then
mixing loaded and fresh solvent in different proportions. After these partially loaded
solutions are prepared, they are analytically titrated through the methods explained in
Section 0. The values reported for the loadings are the values obtained analytically.
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2.6 Analytical methods

The concentration of amine in the solutions was determined by titration with sulfuric
acid (HzSOs4, 0.1 M), a procedure with an uncertainty of < 2% according to Ma'mun
et al. (2005). The concentration of CO, was determined by Total Inorganic Carbon
(TIC) analysis, on a Shimadzu TOC-LcpH analyzer, also with an uncertainty of < 2%.
For all the samples, the concentration of amine is back calculated to the solution
without CO, and corrected for loss of water assuming a linear loss of water
throughout the experiment, as the total mass of the solution is only known for the start
and end solutions. The CO, loadings reported in this study are simply the ratios
between CO; and amine concentrations obtained by these two methods.

Inductively coupled plasma mass spectrometry (ICP-MS) analyses were performed
on a High Resolution Inductive coupled plasma ELEMENT 2 from Thermo
Electronics. The samples were diluted in purified water (18.2 mQ) from a Merck
Millipore ICW-3000™ Water Purification System and digested with HNO3 prior to
analysis. The results were verified against certified reference material and the relative
standard deviation (RSD) for three scans of a sample varies from sample to sample.

Anion exchange ion chromatography (IC) was used to quantify the iodide
concentration in the 2.0 %wt. KI SAS oxidative degradation experiments. The
instrument used was a Thermo Scientific™ Dionex™ ICS-5000 IC system,
connected to an ICW-3000 Millipore water purification system and equipped with an
ASRS300 suppressor (2mm), a carbonate removal device and conductivity detection.
The column was a lonPac AS15 2x250mm with an AG15 guard column 2x50mm
and column temperature 30 °C. An eluent generator provided a KOH gradient with
the profile 13 mM for 10 minutes, then an increase to 45 mM between 10 and 15
minutes, kept at 45 mM from 15 to 49 minutes, then 13 mM for the remaining time.
The total run time for each analysis is 60 minutes. Quantification of iodide
concentrations were performed based on calibration in a concentration range of 0—
116 ppm of iodide in the form of KI and dilution of the fresh and degraded samples
to the corresponding concentration range. Peak areas were used for calculating iodide
concentration.

3 Results and discussion

3.1 Oxidative degradation

The addition of both NaCl and KI reduce the oxidative degradability of aqueous 30
%wt. MEA (aq.) significantly, as shown in Figure 7.3. Of the two, Kl is the strongest
inhibitor of oxidative degradation. Whereas 30 %wt. MEA experiences a loss of 40
* 4% alkalinity after three weeks under the conditions applied in this work (assumed
to directly correlate to the concentration of MEA), the addition of NaCl to the solvent
results in a loss of alkalinity of only 24 + 5%, and the addition of KI reduces this loss
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to as little as 4 + 1%. This shows that the increase of salinity of the solvent has a
positive effect in terms of degradability, making MEA less degradable under
oxidative conditions. As no significant difference in stability was seen neither
between the 2.0 %wt. and 7.5 %wt. NaCl SAS, nor between the 1.0 and 2.0 %wt. Kl
SAS, it can be inferred that, if the salt employed possesses certain properties, its
concentration is of less importance. Moreover, a SAS with 15 %wt. NaCl was tested
in the same setup. Although oxidative stability was in the same range as the two other
NaCl SAS, the reproducibility of the parallels was low, and that data is not reported
in this study. An important factor behind these effects might be that we are
approaching a saturation limit of the NaCl in solution, especially if water is lost or
degradation compounds are formed, thus influencing the solubility of the salt. A
reduction in KI concentration to 0.2 %wt. gave much more oxidative degradation than
the higher concentrations of Kl as can be seen in Figure 7.4.
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Figure 7.3. Amine conservation during the oxidative degradation experiments in Setup 1 with 30 wt%.
MEA (ag.), with and without salt addition. Absolute amine concentrations back-calculated to CO2-free
solution, measured and corrected by titration and TIC analysis. Error bars represent standard error of the
2 or 3 parallel experiments.
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Figure 7.4. Oxidative degradation of 30 %wt. MEA (aq.) in Setup 1 with different concentrations of Kl
added. Absolute amine concentrations back-calculated to CO2-free solution, measured and corrected by
titration and TIC analysis. Error bars represent standard error of the 2 or 3 parallel experiments.

As Figure 7.4 shows, the degradation inhibition is equally strong with 1.0 %wt. Kl as
it is with 2.0 %wt. Upon decreasing the concentration to 0.2 %wt. KI, there is a slight
degradation inhibition observed, similar to that of the NaCl SAS shown in Figure 7.3.
It should be noted that also for the 0.2 %wt. KI SAS there is no plateau in the
degradation curve and the rate of degradation is steady throughout the experiment.
To investigate whether the inhibition effect would wear off with the 1.0 %wt. Kl case,
if the Kl is indeed consumed by the reaction, the 1.0 %wt. KI experiment was run
twice as long as the other experiments. After six weeks, no significant amine loss was
observed.

In the case of all the KI SAS, it was observed that the typical yellow/orange coloration
characteristic of iron-containing solutions faded away in the course of the three weeks
of experiment, while a red precipitate accumulated on the reactor walls. This effect
was less visible in the 0.2 %wt. KI SAS than in 2.0 and 1.0 %wt., but still evident.
We therefore hypothesize that KI reduces the solubility of iron oxide in 30 %wt. MEA
(ag.), promoting precipitation. For this reason, 2.0 %wt. KI SAS was also studied in
another oxidative degradation setup and compared to literature data for pure 30 %wt.
MEA (ag., without iron) from Vevelstad et al. (2016). The results and comparison
are given in Figure 7.5. As the literature shows significant degradation of MEA
(~25% loss after three weeks) even in the absence of iron, the fact that no significant
amine loss was seen in the 2.0 %wt. KI SAS confirms that salting out of metal from
the solution is not the only effect causing the solvent to be more stable under oxidative
conditions.
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Additionally, anion exchange chromatography showed no loss of iodide through the
duration of the 21 days of oxidative degradation experiments in the 2 %wt Kl case,
which indicates that iodide is not being consumed while it inhibits the degradation
reactions. The results of this analysis can be viewed in the Appendix.

Since both oxidative degradation setups used in these experiments use continuous
agitation of the liquid, both by magnetic stirring (~ 200 rpm) and bubbling the gas
into the solution, mass transfer from gas to liquid phase should not be the limiting
factor for whether degradation takes place or not. Setup 2 has the advantage of
recycling the gas phase and thereby enhancing the total gas flow into the liquid phase,
making mass transfer of oxygen as high as possible throughout the experiment.
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Figure 7.5: Validation of oxidative degradation of 2.0 %wt. KI SAS with iron against 30 %wt. MEA
without iron from Vevelstad et al. (2016) in Setup 2.

We would like to address the hypothesis that the salts might shield the amine from
being degraded by being themselves oxidized instead, thus being “sacrificed” for the
amine. If the salts are being consumed during the oxidation process, this will decrease
their value as inhibitors because of the subsequent need for replenishing. This
hypothesis is particularly interesting in elucidating the good performance of
potassium iodide, which is known for being readily oxidized (Altshuller et al., 1959).

Figure 7.6 shows the amount of amine degradation avoided by employing the SAS.
There are three important things to notice in this image. The first one is that the
degradation avoided with the use of potassium iodide does not reach a maximum, or
a plateau, in the course of the 21 days of oxidation experiments. Such a plateau would
have been expected in case of KI consumption, as eventually one would observe
iodide depletion in the solvent. For comparison, a plateau does start to appear for the
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NaCl SAS, though very incipiently. Incidentally, the second point of notice is that, if
salt was indeed being consumed in this reaction, one would expect to see different
curves for 2.0 %wt. and 7.5 %wt. NaCl — which clearly have very distinct amounts
of “reactants”. Finally, the SAS prepared in these experiments have very small molar
amounts of NaCl and KI. Let us suppose that Kl reacts with oxygen in a 1:1 molar
basis, shielding MEA that would otherwise react with oxygen following an assumed
1:1 stoichiometry. By the end of day 21, having avoided the loss of almost 2 mol kg™
MEA in the SAS containing 2.0 %wt. KI, one could expect to have instead lost 2
mol-kg KI. However, this SAS contains merely 0.120 mol kg of KI. If potassium
iodide is indeed being consumed by oxygen, it is doing so in a basis far below 1:1
and indeed experiencing no reduction in inhibition capacity, as the lack of a plateau
demonstrates. For these three reasons, we do not believe that salt consumption
explains the differences in degradation behaviours alone, though it might certainly
contribute with them to some extent. Contrary to the previous studies of halides as
degradation inhibitors Lee and Rochelle (1987), we cannot see that it is a scavenging
effect that is seen in these experiments, as the degradation rate is stable over time and
iodide concentration is preserved. Conversely, our results agree with the observation
by Sjostrom et al. (2020) that iodide is not consumed in this process.
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Figure 7.6. Avoidance of oxidative degradation brought by the addition of inorganic salts to aqueous 30
%wt. MEA (aq.). Error bars represent standard deviations of calculated values with sets of parallel
experiments.

The mechanism through which potassium iodide inhibits oxidative organic acid
degradation is not very well understood. Both inhibitors Lee and Rochelle (1987) and
Sjostrom et al. (2020) suggest a direct mechanism through which, for example in the
context of limestone scrubbing, iodide is oxidized to iodine by reacting with SO4*
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and then reduced back to iodide after reacting with excess sulphite (SOs*") (Lee and
Rochelle, 1987). Conversely, iodide could also react with some of the metal ions in
solution, preventing their activity in catalysing oxidative degradation reactions
(Sjostrom et al., 2020), which could also explain its application in inhibiting corrosion
phenomena (Khadom et al., 2018). At any rate, the equilibrium between oxidation
and reduction reactions in the solvent would enable iodide to be constantly
regenerated in solution without being consumed. There might also exist other effects
through which stable salts such as potassium iodide inhibit oxidative degradation. It
might be, as Goff and Rochelle (2006) suggest, that these salts are effective simply
through salting-out of O». A reduction of dissolved oxygen concentrations will surely
decrease oxidative degradation rates, explaining the observed phenomena. It could
also be that the increase in ionic strength of the solvent upon salt addition affects its
molecular structure (Marcus, 2009b, 2012), promoting the creation of rigid solvation
shells that are disadvantageous for many radical reaction mechanisms (Marcus, 1964;
Marcus et al., 1954). These two phenomena could explain inhibition even when using
stable salts that are not known for being easily oxidized.

Whether the degradation inhibition effect seen in the NaCl SAS experiments is
sufficient to justify its implementation as a degradation inhibitor on a commercial
scale can be discussed. This relatively small effect can possibly be explained by
salting out of oxygen, achieving a lower oxygen solubility, although using the
Schumpe parameters (Weisenberger and Schumpe, 1996) predicted in Buvik et al.
(2020) to calculate the solubility of oxygen in loaded MEA, the relative contributions
of NaCl and KI to the salting out of gases is very small compared to that of MEAH"*
and MEACOO"™. The fact that iron oxide-like precipitates were not observed in the
NaCl SAS also suggests that there is a different inhibition effect taking place here
than in KI SAS.

On the process level fears that iodide will be lost upon conventional thermal
reclaiming of the spent solvent should be mitigated by the facts that (1)
implementation of potassium iodide as a degradation inhibitor could perhaps reduce
the need for thermal reclamation to one fourth of the frequency of its current
requirement and (2) methodologies for recovery of iodide are known to literature
(Sjostrom et al., 2020). At any rate, a feasibility study shall be carried out in the future
to evaluate how easy it is to implement these iodide recovery techniques. Since cases
of increased foaming upon inhibitor addition in MEA have been observed
(Thitakamol and Veawab, 2008), this should therefore be investigated in future tests
of Kl as a degradation inhibitor.

It will be, of course, crucial to test Kl as a degradation inhibitor under more realistic
conditions before it should be implemented in the CO; capture process. Previous
studies of degradation inhibitors have shown that certain inhibitors are only efficient
at absorber conditions and lose their properties when tested in a cyclic system
(Nielsen, 2018; Voice and Rochelle, 2014). This will therefore be an important next
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step towards the potential commercialization of the Kl inhibitor. However, before
testing Kl inhibitor on cyclic CO; capture systems, one should assess SAS's impact
on the vapor-liquid equilibrium (VLE), the viscosity, thermal degradation, and
corrosion tendency to ensure that the SAS does not render the solvents unfeasible for
CO-, capture process applications. Results from these tests will be discussed before
concluding remarks.

3.2 Thermal degradation

The thermal stability of aqueous MEA with and without added NaCl or KI have no
significant difference, as can be seen in Figure 7.7. After 5 weeks in stainless steel
cylinders at 135 °C, all the four tested solutions had amine/alkalinity losses between
22-25%, regardless of the type of salt and salt concentration.

100 %Ex
&
95 % 1
a
90 % 1
>
£ 85 %
<
80 % 1
© No salt a
\ A 2.0 %wt. NaCl
7% 7.5 %wt. NaCl é 1
g 2.0 %wt. Kl
70 % L L L L L 1
0 1 2 3 4 5
Week

Figure 7.7. Amine loss over time in the five-week thermal degradation experiments with 30wt% MEA
(aq.), respectively with and without salt addition, at 135 °C. The concentrations given are corrected to
CO:-free solution and error bars represent the standard error of the two parallel samples.

ICP-MS analysis of the end samples in the thermal degradation study shows
comparable concentrations of iron (Fe), nickel (Ni), chromium (Cr) and molybdenum
(Mo) in all the SAS solutions, as in aqueous 30 %wt. MEA without salt addition
(Figure 7.8). Only the 7.5 %wt. NaCl SAS shows a significantly higher iron
concentration than the other solutions. This indicates that the 2.0 %wt. SAS solutions
do not influence the corrosivity of MEA. As a comparison, a cylinder that contained
just deionized water was also subjected to thermal degradation conditions for five
weeks, and close to no dissolved metals could be detected by ICP-MS.
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Figure 7.8. Average metal concentration in the two parallel samples analysed after 5 weeks of thermal
degradation by ICP-MS. Error bars represent the average relative standard deviation of the analyses.
The cylinders were weighed both after rinsing with water and after 24 hours soaking
in 0.1 M H,SOq, so that the cylinder mass loss could be used to assess corrosivity in
addition to ICP-MS data. The absolute mass losses during the experimental period
are very low (< 0.05% at most). This is due to the relative total mass of the cylinders
of about 170 g. A mass loss due to corrosion in < 5 weeks is therefore relatively small,
but still a statistically significant difference could be observed between the different
salt solutions. Figure 7.9 shows that the lowest cylinder mass losses are seen in those
that contained 30 %wt. MEA with 2.0 %wt. KI, while the highest losses are in those
containing 7.5 %wt. NaCl, despite the statistical significance of these measurements
being low. According to this test, all solutions seem to induce the same degree of
cylinder destruction as salt-free MEA, something that confirms the ICP-MS results.
Since this method is sensitive to corrosion-unrelated causes of cylinder loss, such as
chipping, it is not a perfect indication of corrosion and shows a relatively high
uncertainty.
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Figure 7.9. Loss of mass of stainless-steel cylinders during the thermal degradation experiments with
30wt% MEA (ag.), as well as a set of end-sample cylinders containing only deionized water. Error bars
represent the standard error of the two cylinders used for each time of sampling for each solution. The
total cylinder mass without solution is 170 g.

3.3 Vapor-liquid equilibrium

Figure 7.10 shows a comparison between the vapor-liquid equilibria (VLE) of
unsalted 30 %wt. MEA (aqg.) with that of SAS both at 40 °C and at 120 °C. The data
referring to the unsalted solvent comes from Wanderley et al. (2020). Though the
curves shown in Figure 7.10 are for CO; partial pressure (pcoz) versus loadings («),
we must reinforce that the methodology described in Section 0 is able to produce only
total pressure versus loading, meaning that the CO, partial pressures have to be
estimated from the original data set. As a result, some data points referring to lower
CO: partial pressures have to be eliminated since their values end up being smaller
than the inherent propagated uncertainties of + 0.34 kPa. Complete disclosure of the
total pressures and loadings measured throughout our experiments, together with their
uncertainties, can be found in the Appendix to this study.
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Figure 7.10. Estimated COz partial pressure versus CO: loading for salted 30 %wt. MEA (ag.) compared
to the VLE for the unsalted amine obtained from Wanderley et al. (2020).

Once we account for the uncertainties, which are particularly meaningful for the
lower CO- partial pressure data points, what results from Figure 7.10 is nearly an
overlap between the VLE curves for the unsalted 30 %wt. MEA (ag.) and the SAS.
It is even unclear whether the SAS experience a loss of CO; solubility or not. Looking
at the blue scattered data points, both for solutions with NaCl and KI, it seems that a
small shift in equilibrium towards less CO, conversion might be observed with the
SAS at 40 °C. As such, both the blue A and V data points and the blue o and < data
points are slightly to the left of the curves for unsalted MEA in top and bottom images
alike. There are three outlying points for the SAS with 7.5 %wt. NaCl at 40 °C
(uppermost blue V markers at the top image). In this experiment, we observed
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precipitation of white solids at high CO, pressures, likely of sodium bicarbonate
(NaHCOs3). This demonstrates a clear risk of employing too concentrated SAS for
CO; absorption. At 120 °C, on the other hand, there are indications of a slight increase
in CO2 solubility for the SAS, with both the red A and V data points and the red o
and < data points falling a bit to the right of the curves for unsalted MEA.

These contradictory small shifts in equilibrium at 40 °C and at 120 °C could imply a
very small reduction in cyclic capacity for the SAS. However, it is difficult to
interpret Figure 7.10 as anything but an overlap of VVLESs curves. It appears to us that,
other than the caveat of precipitation issues at high NaCl concentrations, one can
conclude an insignificant shift in absorption capacity when employing the SAS.

3.4 Viscosity

Figure 7.11 shows how the viscosities of SAS increase with loading at 25 °C when
compared to that of unsalted 30 %wt. MEA as measured by Amundsen et al. (2009).
Once again, the full data set together with its uncertainties is found in the Appendix
to this study.
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Figure 7.11. Viscosity versus CO2 loading for salted 30 %wt. MEA compared to that for the unsalted
amine obtained from Amundsen et al. (Amundsen et al., 2009) at 25 °C.

As expected, the addition of inorganic salts promotes an increase in solvent viscosity.
This seems to happen both with NaCl, which is structure-making at 25 °C, and with
KIl, which is structure-breaking (Marcus, 2009a). However, NaCl does indeed
increase the viscosity of aqgueous MEA more than KI. This is particularly evident in
the SAS with 7.5 %wt. salt, wherein the 7.5 %wt. NaCl SAS (yellow V markers)
clearly has the highest viscosity at all loadings while that of the 7.5 %wt. KI SAS
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(purple <& markers) almost overlaps with both the 2.0 %wt. SAS. This might be a
consequence of the SAS with KI having lower ionic strength than the SAS with NaCl
on account of KI having higher molecular mass than NaCl. KI has a molecular mass
of 166.00 g mol* compared to 58.44 g mol* of NaCl, meaning that the ionic strength
of the unloaded NaCl SAS is almost three times as big as that of the unloaded KI
SAS. As shown by Esteves et al. (2001), higher viscosities might be attributed to
higher ionic strengths.

The viscosity of the SAS with 2.0 %wit. salt is very similar to that of aqueous MEA,
and there appears to be even a crossing-over for both 2.0 %wt. NaCl and KI SAS at
around a.= 0.4 and 0.5 molco, Molvea * respectively (see where the yellow A markers
and blue o markers overlap with the red stars in Figure 7.11). This is a very interesting
behaviour. In fact, except for the 7.5 %wt. NaCl SAS, the viscosities of the SAS
apparently increase less steeply with loading than that of aqueous 30 %wt. MEA
(aq.). To our knowledge, there is no explanation for this observed behaviour in the
Debye-Hiickel theory (Esteves et al., 2001), which suggests that such phenomena
might be attributed to unexpected solute-solute interaction between the inorganic salt
electrolytes and the products of the MEA-CO; reaction.

In other words, the impact of mixing both inorganic salts to aqueous 30 %wt. MEA
(ag.) on solvent viscosity is not nearly as noticeable as one would expect. This is
good, as it signalizes that transport phenomena in SAS will probably not be
significantly depressed due to the addition of salts.

4 Conclusion

The increase in oxidative stability upon addition of just 1.0 %wt. potassium iodide is
remarkable. With the KI SAS system we have achieved an oxidative stability
comparable to tertiary and sterically hindered amines under the given conditions.
Both the tested salts give an increased stability and, based on the salt concentration
tested, the type of salt seems to matter much more than its concentration. Regarding
thermal stability, no significant difference is observed between the SAS and fresh,
salt-free MEA, and in terms of corrosivity the ICP-MS results indicate that the 2.0
%wt. SAS solutions are comparable to salt-free MEA. However, the higher
concentration of dissolved iron in the 7.5 %wt. NaCl SAS hints towards a higher
corrosion potential when using this formulation.

The addition of stable salts has little effect on the vapor-liquid equilibrium between
CO; and the solvent (except for the 7.5 %wt. NaCl SAS case, where precipitation was
observed at 40 °C). It also has an almost negligible impact on the viscosity of loaded
and unloaded solvents at 25 °C, with the potential of becoming completely negligible
at higher temperatures. In other words, the reduction of CO, physical solubility, the
shift in chemical equilibria and the increase in viscosity should not be a cause of
concern regarding the SAS.
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The nature of the phenomena behind this reduction in degradation potential with
potassium iodide is yet to be properly understood. Future studies are required to
assess if there is indeed no salt depletion during the oxidation of the solvent. The KI
SAS is a promising degradation inhibitor for absorption-based CO, capture based on
the current results. However, to further validate its applicability, testing in cyclic
systems and pilots is needed.
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Appendix

Addition of potassium iodide reduces
oxidative degradation of
monoethanolamine (MEA)

Vanja Buvik, Ricardo R. Wanderley, Hanna K. Knuutila®

Department of Chemical Engineering, Norwegian University of Science and
Technology (NTNU), NO-7491 Trondheim, Norway

Table A-1 and Table A-2 contain data regarding the VLE of the SAS with NaCl and
KI respectively. In those tables, the CO; partial pressure (pcoz) is calculated by
subtracting the total pressure measured above the unloaded solvent (o0 = 0 mol
COzmol MEA™) from each new total pressure measurement. The inherent
uncertainties of all loadings are calculated based on the methodology described by
Wanderley et al. (2020). For these calculations, the uncertainties of pressure
measurements are + 0.24 kPa, those of temperature measurements are + 0.01 K and
those of mass measurements are = 0.01 g. The volumes of the CO; cylinders have
been calibrated within an accuracy of + 0.1%, while those of the reactors have + 0.5%
accuracy.

Table A-1. Vapor-liquid equilibrium data for SAS containing sodium chloride.

Aqueous 30 %wt. MEA + 2.0 %wt. NaCl at 40 °C

o/ molcozMOlyea ™t p / kPa pCO, / kPa
0 6.3+0.2 —

0.1146 + 0.0002 6.4+0.2 —

0.2280 + 0.0002 6.7+0.2 0403
0.3424 +0.0003 7.0+£0.2 0.7+£0.3
0.4573 + 0.0003 78+0.2 15+0.3
0.5674 + 0.0004 455+0.2 39.2+0.3
0.6448 + 0.0004 182.1+0.2 175.8+0.3
0.6896 + 0.0005 338.2+£0.2 331.9+£0.3
0.7127 + 0.0006 450.5+0.2 4442 £0.3

“ Corresponding author. Tel.: +47 73594119
E-mail address: hanna.knuutila@ntnu.no
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Aqueous 30 %wt. MEA + 2.0 %wt. NaCl at 120 °C

o/ molcozMOlyea™ p / kPa pCO, / kPa
0 174.0+0.2 —

0.0829 + 0.0002 171.4+0.2 —

0.1612 + 0.0002 174.7+0.2 0.7+0.3
0.2415 + 0.0003 184.7+0.2 10.7+0.3
0.3165 + 0.0003 205.1+0.2 31.1+03
0.3785 + 0.0004 247.3+0.2 73.3+0.3
0.4274 +0.0004 3248+0.2 150.8 £0.3
0.4601 + 0.0005 421.3+0.2 2473+0.3
0.4788 + 0.0006 505.1+0.2 331.1+0.3
0.4888 + 0.0006 562.6 £0.2 388.6+0.3
Aqueous 30 %wt. MEA + 7.5 %wt. NaCl at 40 °C

o/ molcoyMOlyvea p/ kPa pCO, / kPa
0 6.5+0.2 —

0.0824 +0.0001 6.8+0.2 —

0.1650 + 0.0002 70+0.2 05+0.3
0.2488 + 0.0002 7102 06+0.3
0.3332 + 0.0002 7202 0.7+0.3
0.4182 +0.0003 7402 09+0.3
0.4953 + 0.0003 10.1+0.2 3.6+0.3
0.5763 + 0.0003 53.7+0.2 47.2+0.3
0.6346 + 0.0004 156.8 + 0.2 150.3+0.3
0.6825 + 0.0004 183.1+0.2 176.6 +£0.3
0.7172 + 0.0004 290.7+0.2 284.2+0.3
0.7401 + 0.0005 392.2+0.2 385.7+0.3
Aqueous 30 %wt. MEA + 7.5 %wt. NaCl at 120 °C

o/ molcopMolyea™ p / kPa pCO, / kPa
0 159.5+0.2 —

0.0659 + 0.0001 162.1+£0.2 2603
0.1305 + 0.0002 163.8+0.2 43+0.3
0.1935 + 0.0002 168.3+0.2 8.8+0.3
0.2548 + 0.0003 176.2+0.2 16.7+0.3
0.3132 + 0.0003 193.4+0.2 339+0.3
0.3655 + 0.0003 2255+0.2 66.0 £0.3
0.4101 + 0.0004 285.6 £0.2 126.1+0.3
0.4398 + 0.0004 360.2+0.2 200.7 £0.3
0.4593 + 0.0005 435.3+0.2 2758+0.3
0.4707 +0.0005 491.6+0.2 332.1+0.3
0.4774 + 0.0006 530.9+0.2 371.4+0.3

Table A-2. Vapor-liquid equilibrium data for SAS containing potassium iodide.

Aqueous 30 %wt. MEA + 2.0 %wt. Kl at 40 °C

o / molcozMOlvea * p/ kPa pCO, / kPa
0 7.1+£0.2 —

0.0903 + 0.0001 7.2+0.2 —

0.1780 + 0.0002 74+0.2 —

0.2671 +0.0002 75+0.2 0.4+0.3
0.3560 + 0.0003 7.6+0.2 05+0.3
0.4438 + 0.0003 8.1+£0.2 1.0£0.3
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0.5305 + 0.0003 19.0+0.2 119+0.3
0.6055 + 0.0003 90.3+0.2 83.2+0.3
0.6594 + 0.0004 214.0+0.2 206.9 £0.3
0.6915 + 0.0004 330.3+£0.2 323.2+£0.3
0.7116 + 0.0005 423.3+0.2 416.2+0.3
Aqueous 30 %wt. MEA + 2.0 %wt. Kl at 120 °C

o/ molcozMolyea™ p / kPa pCO; / kPa
0 1749+0.2 —

0.0628 + 0.0001 177.7+£0.2 28+0.3
0.1259 + 0.0002 181.1+£0.2 6.2+0.3
0.1879 + 0.0003 186.3+0.2 114+0.3
0.2508 + 0.0003 196.7 £ 0.2 21.8+0.3
0.3101 + 0.0003 216.5+£0.2 416+0.3
0.3625 + 0.0004 255.1+0.2 80.2+0.3
0.4034 + 0.0004 3145+0.2 139.6 +0.3
0.4318 + 0.0005 386.1+0.2 211.2+£0.3
0.4499 + 0.0005 452.7+0.2 277.8+0.3
0.4608 + 0.0006 503.5+0.2 328.6 £0.3
Aqueous 30 %wt. MEA + 7.5 %wt. Kl at 40 °C

o/ molcoMolyea™ p / kPa pCO, / kPa
0 6.2+0.2 —

0.0915 + 0.0001 6.4+0.2 —

0.1821 + 0.0002 6.6 +0.2 —

0.2752 + 0.0002 6.7+0.2 0403
0.3695 + 0.0003 6.4+0.2 05+0.3
0.4637 + 0.0003 78+0.2 16+0.3
0.5549 + 0.0003 374+02 31.2+03
0.6229 + 0.0004 1425+0.2 136.3+£0.3
0.6700 + 0.0004 288.1+£0.2 2819+0.3
0.6975 + 0.0005 412.7+0.2 406.5+0.3
0.7133 + 0.0005 498.7+£0.2 4925+0.3
Aqueous 30 %wt. MEA + 7.5 %wt. Kl at 120 °C

o/ molcozMOlyea ™ p / kPa pCO, / kPa
0 1735+0.2 —

0.0805 + 0.0002 169.1+0.2 —

0.1594 + 0.0002 173.3+£0.2 —

0.2345 + 0.0003 1824 +0.2 89+0.3
0.3097 + 0.0003 207.1+£0.2 33.6+0.3
0.3722 + 0.0004 259.9£0.2 86.4+0.3
0.4173 + 0.0004 347.8+0.2 1743+0.3
0.4454 + 0.0005 447.8+0.2 274.3+£0.3
0.4606 = 0.0006 524.6+0.2 351.1+£0.3
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Table A-3. Viscosities of loaded salted solvents with aqueous 30 %wt. MEA measured at 25 °C. The
confidence interval of each viscosity is assumed to be of 2% following Hartono et al. (Hartono et al.,
2014).

30 %wt. MEA + 30 %wt. MEA + 30 %wt. MEA + 30 %wt. MEA +
o / m/mPas « /' m/mPas a / m/mPas «a / m/mPas
0.000 2.664 0.000 3.749 0.000 2.752 0.000 2.965
0.106 2.938 0.108 3.641 0.103 2.765 0.105 2.816
0.212 3.190 0.219 3.967 0.205 3.045 0.211 3.159
0.322 3.388 0.322 4.348 0.315 3.287 0.314 3.466
0.418 3.689 0.427 4.765 0.416 3.448 0.408 3.790
0.513 3.863 0.537 5.231 0.524 3.644 0.530 4.165

The calculation of standard deviation (SD) within an average (k) of n samples is done
according to Eq. (Al), where x; represents the measured concentration of each
sample.

n L — ¥\2
SpD = M (A1)
n—1

The correction from CO2-loaded to CO,-free solution using the amine concentration
measured by amine titration (Cco, joadeq) in mol-kg ™" and mass concentration of CO,

measured by TIC (Co,) was performed according to Eq. (A2).

C _ Cco, 1oadea " (Cco, + 1000 g)
CO, free — 1000g

(A2)

The correction for water and degradation losses was made assuming a linear loss of
H-O throughout the experiment. This is shown in Eq. (A3), where d is time in days
and x is a coefficient regressed by taking the total amount of mass lost at the end of
the experiment and dividing it by the duration of the procedure.

Ceorrectea = CCOZ free” (1-d-x) (A3)
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Table A-6. Thermal degradation data. The calculations for CO2 loading are made assuming that the
alkalinity measured by titration stands for MEA concentration in the solvent.

Aqueous 30 %wt. MEA
Alkalinity (w/

Week CO,) CO, concentration Loading Alkalinity (w/o CO,)
[mol kg™ [gkg ™ [molco, molyea™] [mol kg™
0 45111 81.787 0.41 4.880
1A 4.3627 78.076 0.41 4.703
1B 4.3496 78.119 0.41 4.689
2A 4.1729 73.515 0.40 4.480
2B 4.1894 71.256 0.39 4.488
3A 3.8268 66.883 0.40 4.083
3B 3.8272 66.461 0.39 4.082
4A 3.6324 62.215 0.39 3.858
4B 3.6227 61.315 0.38 3.845
5A 3.5131 53.815 0.35 3.702
5B 3.3908 55.324 0.37 3.578

Aqueous 30 %wt. MEA + 2.0 %wt. NaCl
Alkalinity (w/

Week COy) CO, concentration Loading Alkalinity (w/o CO,)
[mol kg™] lokg™] [molcoz Molvea™] [mol kg™
0 4.5025 82.238 0.42 4.873
1A 4.4104 76.857 0.40 4.749
1B 4.3439 77.907 0.41 4.682
2A 4.1624 72.905 0.40 4.466
2B 4.1530 73.663 0.40 4.459
3A 3.8303 66.507 0.39 4.085
3B 3.8414 66.210 0.39 4.096
4A 3.6159 61.147 0.38 3.837
4B 3.6209 61.550 0.39 3.844
5A 3.3935 56.054 0.38 3.584
5B 3.3940 56.248 0.38 3.585

Aqueous 30 %wt. MEA + 7.5 %wt. NaCl
Alkalinity (w/

Week CO,) CO; concentration Loading Alkalinity (w/o CO,)
[mol kg™ [gkg ™ [molco, molyea™] [mol kg™

0 4.5237 79.036 0.40 4.881

1A 4.4091 76.507 0.39 4.746

1B 4.3690 76.995 0.40 4.705
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2A 4.2150 73.035 0.39 4523
2B 4.2250 73.008 0.39 4533
3B 3.8362 66.773 0.40 4.092
4A 3.5996 62.564 0.39 3.825
4B 3.6129 61.673 0.39 3.836
5A 3.3467 56.261 0.38 3.535
5B 3.3676 56.217 0.38 3.557
Aqueous 30 %wt. MEA + 2.0 %wt. Kl
Alkalinity (w/
Week COy) CO; concentration Loading Alkalinity (w/o CO,)
[mol kg™ [g kg™ [molco, molvea™] [mol kg™

0 4.4594 83.147 0.42 4.830
1A 4.3370 76.967 0.40 4,671
1B 4.3286 74.691 0.39 4.652
2A 4.1328 70.562 0.39 4424
2B 4.1519 72.286 0.40 4.452
3A 3.8643 64.435 0.38 4.113
3B 3.8158 65.165 0.39 4.064
4A 3.6014 60.385 0.38 3.819
4B 3.5952 58.960 0.37 3.807
5A 3.3662 54.800 0.37 3.551
5B 3.3980 53.931 0.36 3.581
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Table A-8. Cylinder masses before thermal degradation experiments and after finishing plus 24 hours of
acid washing with 0.1 M H2SOa.

Initial cylinder weight / g

Week 1 2 3 4 5

MEA A 170.0131 170.0600 170.4835 170.2170 170.3419
MEA B 169.7770 170.3677 170.5990 170.7898 170.1838
2.0% NaCl A 169.9413 169.6453 170.4424 170.5775 169.8514
2.0% NaCl B 170.1657 170.7374 170.2237 170.1015 170.7888
7.5% NaCl A 169.7331 1701711 170.2732 169.8243 170.3480
7.5% NaCl B 169.8257 170.3808 170.0477 170.2144 170.3045
20%KI A 170.5621 170.2748 170.0193 170.2499 170.0645
2.0% KI B 169.8234 169.9881 1705398 170.5295 170.3911
Water A o o o o 169.9854
Water B B B B B 170.0475

Cylinder weight after acid wash / g

Week 1 2 3 4 5

MEA A 170.0032 170.0377 170.4565 1701927 170.3018
MEA B 169.7649 1703411 170.5730 170.7538 170.1641
2.0% NaCl A 169.9265 169.6109 170.4104 170.5456 169.8186
2.0% NaCl B 170.1524 170.7159 170.1939 170.0808 170.7471
7.5% NaCl A 169.7151 170.1477 1702322 169.7882 170.3137
7.5% NaCl B 169.8138 1703212 170.0150 170.1898 170.2699
2.0% KI A 170.5554 170.2461 169.9957 170.2233 170.0413
20%KI B 169.8190 169.9701 170.5219 170.5217 170.3606
Water A o o o o 169.9809
Water B B B B B 170.0424
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Chapter 8

Experimental assessment of the
environmental impact of ethanolamine

This chapter contains experminetal work in collaboration with the
department of biology at NTNU in the form of a short paper submitted to
and peer reviewed by the Trondheim CCS conference in 2021 (TCCS-11).
The goal of this work was to come one step closer to assessing the
environmental impact of amines in a more holistic manner. We wanted to
be able to identify the pathways the amine and degradation compounds
took thourhgout the simulated amine spill situations, but did not find
good extraction or analytical methods for recovering the substances from
the plants or soil. We did however manage to get an interesting
assessement of the impact the amine had on the plant/soil system, which
hopefully represents the beginning of future studies of the environmental
faith of amines.

271






Experimental assessment of the
environmental impact of ethanolamine

Vanja Buvik?!, Richard Strimbeck?, Hanna K. Knuutila*
! Department of Chemical Engineering, NTNU, NO-7491 Trondheim, Norway
2 Department of Biology, NTNU, NO-7491, Trondheim, Norway

Abstract

The environmental impact of ethanolamine, a common amine for carbon dioxide
capture, was experimentally investigated in laboratory scale microcosms. By
exposing the plant-soil systems to varying amounts of ethanolamine, we assessed the
effects a potential leakage or spill to the surroundings of an industrial site including
vegetation. The results of this study show that small amounts of ethanolamine have
no significant impact of the health of the plants in the scope of three weeks after
treatment. Plant health was affected negatively by larger amounts of ethanolamine,
but the plants treated with larger ethanolamine concentrations also seemed to be
healthier, lusher, and greener after three weeks of observation. Unfortunately, this
positive observation, indicating an actual fertilizing effect by ethanolamine on the
plants could not be verified. In the TCCS-11 presentation we will show the results of
this experimental study, their statistical interpretation, as well the implications the
results have.

Keywords:
Biodegradation, Amine stability, CO; capture, Ecotoxicity, Plant health

8.1 Introduction

One of the most efficient ways of performing capture of carbon dioxide (CO2) from
industrial sources is using amine solvents. This is one of the most mature technologies
available for large scale CO; capture, as it has been developed and tested over nearly
a century. (Kohl and Nielsen, 1997; Leung et al., 2014; Rochelle, 2009) Amines bind
chemically to the CO, molecules in a reaction that can be reversed upon heating up
the solvent. Chemical stability of the amine is a necessity in the capture process,
where it needs to withstand temperature cycling as well as oxidative conditions.
(Reynolds et al., 2016) If the amine reaches the environment through emissions or
spills from the capture facility, however, stability may no longer be a desirable
property. Anything that reaches the environment should have the ability to get

“ Corresponding author. Tel.: +47 73594119
E-mail address: hanna.knuutila@ntnu.no
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incorporated into the environment as non-toxic components that can be consumed by
organisms making changes to them or the environment.

Biodegradation is the process of breaking down larger into smaller molecules,
performed by microorganisms. Because of the plethora of different microorganisms
capable of performing biodegradation, biodegradability can follow manifold
pathways. Amines used in CO; capture consist of hydrogen (H), carbon (C), oxygen
(O) and nitrogen (N) and will ideally be broken down to CO,, water (H.O) and
ammonia (NHa), or other small molecules that can be available for plants to use as
nutrients.

Assessment of biodegradability of chemicals which are used or considered for use in
industrial applications is of immense importance, for mapping potential
environmental risks of a spill or leakage of the chemical. A range of biodegradability
test guidelines have been developed by the Organisation for Economic Co-operation
and Development (OECD), for testing new chemicals, and these are commonly used
for assessing new chemicals for industrial use. (OECD, 2002)

Table 8.1: Summary of the results of previous biodegradation studies of MEA.

Type Conditions Results Reference

MEA degraded aerobically (Ndegwa et al., 2004)
and anaerobically 9 "

MEA degraded aerobically
and anaerobically

Aerobic with varying Overall high degradability

Soil aerobic and anaerobic

Soil aerobic and anaerobic (Wong et al., 2004)

Sea water (Brakstad et al., 2012)
temperatures of MEA
Sea water aerobic MEA readily biodegradable  (Eide-Haugmo et al., 2012)
Fresh water aerobic '\Siiﬁelgsr;g?éllg (Henry et al., 2017)
Bioreactors aerobic MEA successfully degraded (Kim et al., 2010)
MEA completely
Bioreactors  aerobic and anaerobic degradable upon PO43- (Mrklas et al., 2004)
addition

8.1.1 Biodegradation of ethanolamine (MEA)

Ethanolamine is naturally occurring (DNP, 2020), a feature that seems to make the
amines more likely to be biodegradable than synthetic ones (Eide-Haugmo, 2011). It
has for decades been the benchmark solvent for CO, capture and many
biodegradation studies have already been performed both aerobically and
anaerobically in soils (Ndegwa et al., 2004; Wong et al., 2004), in sea water (Brakstad
et al., 2012; Eide-Haugmo et al., 2012), fresh water(Henry et al., 2017) and in lab-
scale bioreactors under aerobic and anaerobic conditions (Kim et al., 2010; Mrklas et
al., 2004). Some of these studies have also been performed according to the
previously mentioned OECD guidelines. A quick summary of the findings of these
studies is given in Table 8.1, and it can be observed that all have proven MEA to
indeed be biodegradable. Additionally, Eide-Haugmo et al. (Eide-Haugmo et al.,
2012) found that the ecotoxicity of MEA is also acceptably low in the marine species
Skeletonema costatum.
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In this work we try to take the conclusions from all these earlier studies one step
further, to assess whether there are any immediate effects of an amine leakages to
surrounding plants and soils. The experimental setup is, to our knowledge, novel in
the field and provides a further perspective of the biocompatibility and environmental
effects of amines and specifically ethanolamine.

8.2 Materials and methods

8.2.1 Materials

Ethanolamine (CAS: 141-43-5, purity >99.0%) was purchased from Merck Life
Science/Sigma Aldrich Norway. Flowering soil (/3 cow manure and %5 turf, long-
term composted over three years) and a mixture of grass seeds for outdoor use, were
purchased from a local garden equipment store.

8.2.2 Experimental design

6 sets of 6 pots of 8x8x8 cm were filled with approximately 400 mL, which was
thoroughly watered before soil and grass seeds were sowed on its surface in the
density recommended on the seed package. The grass was watered twice a week, from
a dish under the pots for the entire duration of the experiment. After 46 days, when
the grass had grown at least 5-8 cm (see Figure 8.1) and a root system had the time
to develop in the soil, one single randomized treatment was conducted per pot.

. . . o0 ‘_‘» Y 1 % ‘/

Figure 8.1: Example of grass length before the single treatment with MEA was conducted.

Each set of 6 pots were given one 10 mL addition of water or MEA with Table 8.2.
The liquid was carefully distributed over the soil surface with a disposable syringe,
without applying it directly on the plants. The order of treatment was randomized
within each set.
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Table 8.2: Treatments overview. Each treatment consisted of 10 mL of the given solution.

Treatment % MEA
Tl 0 (control)
T2 1.0
T3 25
T4 5.0
T5 7.5
T6 10

In summary this means that for each of the 6 treatments there were 6 individual
samples, randomly located in different sample sets.

Table 8.3: Explanation of the scoring sheet used for assessing the plant health in the experiment.

Score Percentage of brown leaves
o0
1-10
11-30
31-60
61-90
91-100

o B~ W DN -

8.2.3 Assessment of plant health

Regular visual scoring of plant health was performed according to Table 8.3 on day
4,7,11, 13, 18 and 21. Every scoring was performed by the same observer, without
knowledge of which treatment each given system had been given.

R

Figure 8.2: Browning observed in one set of 6 different, randomized plant pots 11 days after treatment
with MEA.
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8.2.4 Statistical tests

A Kruskal-Wallis test was performed to determine the statistical significance in the
difference of plant health observed in these experiments. This is a non-parametric
statistical test, suitable for the comparison of individual samples and it does not
assume a normal distribution of residuals. Variance is quantified as adjusted p-values
and an adjusted p < 0.05 represents a significant difference between two treatments
at a given time. The Bonferroni method was used for p-value adjustment.

A Friedman test, which is a non-parametric test for non-replicated data with complete
block design, was performed to determine the statistical significance of the change in
plant health over time. Kendall’s W, as shown in Eq. 1, where X2 is the Friedman test
statistic value, N the sample size and K the number of measurements. Cohen’s
interpretation of effect size was used to determine the size of the effect observed
within each treatment.

X2
k- Eq. 1
W="@&-1 q

Bonferroni p-value adjustment was used for the identification of statistical difference
between the treatments.

8.3 Results

8.3.1 Plant health

Browning was typically observed from day three to some degree, and then increasing.
An example of the grass health as it was observed some days after treatment can be
seen in Figure 8.2, The results of the plant health testing throughout three weeks after
treatment with different amounts of MEA is depicted the means of each treatment in
Figure 8.3 and medians in Figure 8.4. There is a clear trend seen from T4 to T6,
whereas the health of the plants receiving treatments T1 (control) to T3 are more
similar and no effect can be immediately distinguished. The statistical relevance of
both these and the remaining results were determination by a Kruskal-Wallis test as
well as a Friedman test.

277



T6

] -4

] A -2

. -0

47 C

27 - C

,D_ -
T4

27 -4

1 -2

2 -0
e} T3

& 47 -

t2] ol -

= 5] -

] -4

N 2

. -0

47 C

0 u

Time of scoring

Figure 8.3: Means of plant health score for all treatments at different times of scoring.
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Figure 8.4: Medians of plant health score for all treatments at different times of scoring.

As seen in Figure 8.5, the Kruskal Wallis test shows that a higher degree of browning
was seen on day 21 with T5 and T6 compared to T1-T3. On day 4, no significant
differences were observed between any treatments, but at day 7, T6 showed more
browning than T3 (p < 0.01). The difference between these two treatments remained
significant throughout the whole experiment. After 11 days T6 had more browning
than T1-T3 (p < 0.3 in all cases) and this is when T5 also started being browner than
T2 (p =0.02).
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T2 1

T3 1 1

T4 0.9 0.4 0.9

T5 0.03 0.01 0.03 1

T6 0.04 0.01 0.04 1 1
T1 T2 T3 T4 T5

Figure 8.5: Adjusted p-values for the average plant scores on day 21. Treatments which have p < 0.05
are statistically different from one another and can be described as giving different response in the plant
health.

At no time of scoring was there a significant difference in browning between T1-T4,
meaning that the addition of 1.0-5.0% MEA into the plant-soil systems makes no
difference from not adding any MEA, the plant health is deemed the same.

The overall change in plant health over time was quantified by the Friedman test to
be large. Within treatments, the effect was small in T1 and T2, moderate in T3 and
T4 and large in TS5 and T6 using Kendall’s W and the Cohen interpretation of effect
size. The effects of the treatments were studied using multiple pairwise comparisons
and the Bonferroni adjusted p-values are given in Figure 8.6. According to these
results treatments T3 to T6 have differences in plant health over time compared to T1
(control) to T3.

T2 0.7

T3 1 1

T4 | 410° 910 1-104

TS | 410° 7108 2107 0.04

T6 | 2108 | 7-10%° 1-10° 7-10% 1
T1 T2 T3 T4 5

Figure 8.6: Adjusted p-values for the mean of the plant scores through the entire experiment time of 21
days. Statistical significance given at p < 0.05.

Interestingly, a few weeks after the experiment was concluded, the pots containing
plants treated with T5 and T6 seemed lusher and healthier than the plants where less
MEA had been added. Since the observer from the duration of the experiment was
not available, this data could not be logged. Attempts were made to extract remaining
MEA and potential degradation compounds from the soil using a KOH extraction
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method followed by centrifuging and filtering. No MEA could be observed in the soil
extracts in the subsequent cation IC analysis. This phenomenon could either be due
to an insufficiently low detection limit, having the strong signal of K* in the
chromatogram, or it could be simply because the MEA was already biodegraded.
Further research is needed to conclude on this matter.

8.4 Discussion and conclusions

Just like previous biodegradability ecotoxicity testing, these experiments show that
MEA is not harmful for a plant-soil system, at least in small doses. For the three
weeks after treatment with MEA there was no observable difference between plant-
soil systems given up to 0.5 mL of MEA per 400 mL soil. This must mean that the
buffer capacity of the soil is good enough to account for the potential pH increase
when adding MEA, as well as that there’s no observable toxic effect on the plants.
The higher concentrations of MEA had a significant impact on the plants, making
them browner in the experimental observation time of three weeks. In these cases, it
can be hypothesized that the MEA has a negative impact in the soil, either by killing
off some of the microbes or damaging the root systems of the plants. This is likely to
be caused by the high pH of the MEA causing a chemical burn. The less likely
explanation is that MEA has a toxic effect causing the plants to go brown. This is less
likely because of previous testing, but also because of the subsequent healing of the
plants after the end of the experiment.

The fact that the plants which had received a higher concentration of MEA actually
seemed healthier after the experiment had ended, than those with less or no MEA
added, indicates that the MEA that initially may have made the plants health decline,
now was biodegraded into components that acted as nutrients for the plants. Nitrogen
is a valuable nutrient in the plant kingdom, that the plants need to absorb from soil
and water, as they are not able to convert nitrogen from air. Hence, the addition of
nitrogen in the form of MEA may initially be harmful, but then have been biologically
(biodegraded) converted to bioavailable small molecules by the soil microbes. Since,
unfortunately, this observation took place after the experiment was ended and could
not be logged by the same observer as throughout the scorings given in this paper,
this effect could not be quantified and would be interesting to study in future work.
This would most definitely be an interesting starting point for any further studies of
the environmental impact of amines.
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Chapter 9

Conclusions and recommendations for
future work

In this chapter, some overarching conclusions from the work included in
this thesis will be listed with some suggestions to what future work should
follow based on them.
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9.1 Conclusions

Altogether, this work contributes to the knowledge base on how we can manage
degradation of amine solvents by providing new information on oxygen solubility,
stabilising effects of amine structures and potential for a novel inhibitor. Management
strategies related to oxygen removal can in the future use the knowledge gathered in
chapter 5 to assess the effectiveness of their technology, as well as predicting the
amount of oxygen initially present. For future solvent development of new solvents
for CO, capture, the findings of chapter 6 will be useful, by having made correlations
between structure and amine stability, enhancing an already existing knowledge base
by providing new data and data on amines not yet assessed under oxidising
conditions. Potassium iodide was proven to be a good oxidation inhibitor for aqueous
ethanolamine at simulated absorber conditions.

Based on all the data we could access on degradation in pilot plant studies presented
in chapter 3, there is no single compound that seems to represent degradation, or the
health of the ethanolamine (MEA) solvent well enough to recommend monitoring of
any one compound. It does, however look like solvent pre-treatment is very efficient
in extending the solvent lifetime, and that, if any parameters are more recommended
to keep an eye on than others, it must be the total HSS concentration of the solution
in combination with ammonia in the cleaned flue gas, or in the water wash. When it
comes to other, and proprietary solvents, there is simply not sufficient data available
to draw any conclusions. Degradation behaviour is highly solvent specific and should
be treated as such. There is a lack of general reporting routines, documentation of
analytical procedures used, and guidelines for solvent monitoring at all. This is of
course not something that would be easily implemented with many industrial
competitors wanting the advantage of keeping data to themselves, but it could
potentially accelerate solvent and process development by a lot.

When it comes to the quantification of dissolved O, in amine solvents there are still
some unknowns that need to be figured out. Firstly, because there are limited methods
for quantification available to aid the validation process and secondly, because the
chemical reactions taking place within the liquid phase makes the conditions deviate
from the classic case of physical solubility. The work presented in chapter 5
contributes with a thorough testing of commercially available dissolved oxygen
sensors, made for water testing, for measurement of dissolved oxygen also in solvents
for CO, capture. The work concludes that there is no significant difference in oxygen
solubility between different amine solvents. It also concludes that it is difficult to
measure dissolved O in CO, loaded MEA in water, which is assumed to be because
of the rapid oxygen consumption taking place because of degradation reactions even
at relatively low temperatures. This difficulty is not present for the more stable amine
MDEA in water. A first approach to making a model for predicting O, solubility was
made for MEA, using speciation data for the ionic compounds found in the CO,
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loaded amine, and a model originally developed by Schumpe et al. (1978). This model
can be extended for further amines.

The results shown in chapter 6 show that most modifications of the amine structure
compared to MEA are more stable. The results also suggest that the carbamate of the
amines should be considered to play a larger role in the degradation mechanisms than
earlier assumed. Most of the early works looking at MEA degradation product
formation, the ones that suggested the mechanisms widely used to explain
degradation still, were in CO, free systems. The fact that we do not see significant
oxidative degradation of 30wt% MEA (aq.) without CO; but do with CO, present
suggest that it at least partakes catalytically in the degradation reactions. Our study
also shows, in agreement with several other studies (Muchan et al., 2021; Vevelstad
et al., 2013; Vevelstad et al., 2014), that even a chain extension stabilises the amine,
perhaps because of the decreased chance of radical formation and stabilisation of the
C-N bond (Muchan et al., 2021).

In chapter 7 a new inhibitor to prevent oxidative degradation in aqueous amines is
presented. Potassium iodide (K1) proved to successfully inhibit oxidative degradation
in laboratory scale oxidation experiments, without having a negative impact on
thermal stability, density, viscosity, or the kinetics of CO, absorption and desorption.
The inhibitor also does not appear to get spent throughout the inhibition and may
therefore not need replenishment in the process.

The work presented in chapter 8 is a first approach to studying the environmental fate
of amines with a more holistic approach than independent studies of biodegradability
or ecotoxicity. We saw that a spill of MEA may, at least initially, harm a plant/soil
system, making the plants health decline. This effect is possibly caused by the
elevated pH in the soil and on the plants’ roots, when exceeding the soils immediate
buffering capacity. There were, however, indications that following an initial decline,
an improved plant health could be seen. This small study rises further questions about
the biological effects which amines can have if they reach the environment, both
negative and potentially positive.

9.2 Suggestions for future work

Despite of seemingly representing the oxidation processes of the temperature swing
CO; absorption process, by producing the same degradation products, the oxidative
degradation experiments we are performing in our laboratories have their limitations.
Firstly, as noted also in earlier studies, the most abundant oxidative degradation
products in the laboratory are not the most abundant in pilot scale. Secondly, we
observed that when the KI oxidative degradation inhibitor, which worked perfectly
for inhibiting laboratory scale oxidative degradation did not seem to fully inhibit
degradation in during temperature swing absorption and desorption experiments.
These results just came in after testing in SINTEF Industry’s cyclic solvent
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degradation (SDR) rig (Einbu et al., 2013) and are therefore not included in this
thesis. In this experiment, some classical oxidative degradation compounds were
indeed suppressed, but the amine loss was not reduced compared to inhibitor-free
ethanolamine. It seems that the inhibition of certain oxidative degradation pathways
may have enhanced other degradation mechanisms and thereby actually increased the
amine loss. The inhibitor did, however, seem to inhibit the formation of compounds
that give rise to the solvent discolouration that is normally observed in MEA. Despite
of the purely thermal degradation experiments performed in our labs showing similar
stability of the MEA with Kl as without, the effect seen at temperature swing
conditions did not. In the future, degradation experiments should therefore aim to
include the large-scale effects, by performing absorption and desorption, as well as
the increase and decrease of temperature, to actually be able to predict the amine’s
behaviour in larger scale.

Further work on oxygen measurement in amine solutions is required to assure
whether quantification of dissolved oxygen and oxygen solubility is possible. This
would require either more work on dissolved oxygen sensors made for water testing,
or with some luck, a further quantification method that can be used to validate the
sensors. The Schumpe model presented in this work can also be extended for other
amines, to predict their oxygen solubility. To facilitate this, speciation studies of the
COs-loaded amines, as well as the measured solubility of an inert gas like N2O in it,
would be necessary.

Another inherent property of the amine solvents, which is not fully understood, is the
solubility of metals into them. We see how increasing degradation usually correlates
with increasing metal concentrations in the solution, but the mechanism behind this
has not yet been explained. It would be interesting to see what metal-degradation
product complexes are formed in the degraded solutions. It would also be very useful
to develop a direct method for measurement of dissolved iron, and other metals in the
solutions, for monitoring the state of the solvent and the CO; capture plant, preferably
one that would distinguish between metal ions or complexes, and other metal
particles.

The environmental faith of amines is an important factor to include in future
evaluations of solvents. An interesting effect we observed in the study presented in
Chapter 8 was what happened after the actual experiment was over. The plants that
had been treated with MEA seemed to experience a “bounce back” effect after
initially having suffered from the higher concentrations of amine added to their pots.
After the end of the experiment, the plant that had received the largest dose of MEA,
looked the least healthy after three weeks, but a few weeks after that again, they
looked healthier than ever. This effect would be very interesting to follow up on and
continue the study. Nitrogen is a valuable resource in nature and bioavailable nitrogen
can be of limited availability, maybe the nitrogen contained in MEA, fresh or
degraded could be considered used as or transformed into fertiliser? Of course, this

289



would require a lot more research, but it could potentially solve the issues of
disposing of the used amine solvents. On the same topic, it would also be immensely
interesting to find ways of extracting and analysing the amines in the soil/plant-
systems over time. Does the MEA (or other amines) remain in the soil and remain
intact for long, or does it degrade, or transform rapidly? What does it degrade into,
and what contributes to the degradation? Will any soil microbiome be as efficient at
providing bioavailable nitrogen for the plants? A study comparable to that of Rankin
et al. (2014), where the biodegradability of fluorotelomer-based polymers was
monitored in soil-plant microcosms under aerobic conditions. They used advanced
analytical methods like direct MALDI-TOF and indirect LC-MS/MS of the soil
samples. Because of the relatively small size of the amines and their derivatives, these
analytical methods may not be ideal in our case, especially not the MALDI-TOF, but
the principle would be interesting to use on amines if possible.
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