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Abstract

The main objective of this work was to increase the understanding of the chemical
processes occurring as solvents used in gas purification degrade. Amine systems for
CO; capture and glycol systems for gas dehydration were in focus. The work included
a literature review, oxidative and thermal degradation studies of both amines and
glycols and development of analytical methods.

In thermal degradation experiments with MEA, the concentration of CO- was found
to increase the degradation rates, while the water and amine concentrations had no
effect. Replacing water with TEG resulted in increased thermal degradation rates for
MEA, AP, MMEA, and EAE. Also changing the cosolvent to organic diluents, DEG,
MEG, THFA, NFM/water, and NMP resulted in increased thermal degradation of
MEA.

In oxidative degradation experiments of MEA, increasing the concentration of MEA
in loaded solutions resulted in increased degradation rates when the CO:
concentration was kept constant. The same was not seen when the CO; concentration
was increased simultaneously with the MEA concentration.

Independent analytical techniques were developed for the quantification of small
glycols and small organic acids. GC-FID and quantitative *C NMR were successfully
used to quantify the glycols. HPLC-UV and HSS analysis were successfully used to
quantify the acids.

Thermal degradation experiments of TEG show that the added impurities, water and
formic acid, reduced the thermal stability of TEG. DEG and MEG were confirmed as
thermal degradation products of TEG. Gas bubbles were observed in the degraded
solutions, but no other degradation components were identified.

The oxidative stability of TEG was reduced both by an increase in temperature and
oxygen available. The degradation products identified and quantified were DEG,
MEG, formic, acetic, glycolic, glyoxylic, and oxalic acid, formaldehyde and
acetaldehyde, water, and CO.. Identification of additional degradation compounds,
tetraethylene glycol, pentaethylene glycol, and diethylene glycol monoethyl ether
was achieved by a GC-MS analysis. Oxidative degradation experiments with MEG
showed that the stability of MEG is considerably higher than TEG under the given
conditions.
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Chapter 1

Introduction

1.1 Background

Gas purification involves removing unwanted compounds from a gas-phase. The
most important technique for achieving this is through absorption with a liquid
solvent.! In order to get the desired purification, more often than not, multiple
techniques need to be employed. Examples of some components commonly removed
by liquid absorption are H,S, CO,, water vapor, and SO,.2

Absorption used for gas purification can be divided into three categories: physical
absorption, reversible reactions, and irreversible reactions.! Physical absorption is
based on the concept of solubility. If the compound is more soluble in the liquid than
in the gas stream, it will be physically absorbed. In the case of reversible and
irreversible reactions, the gaseous component reacts with a component in the liquid
phase. It is categorized as a reversible reaction if the resulting bond is possible to
break by, for example, applying heat to the system. If the bond is not readily broken,
it is considered irreversible.

There are multiple reasons for the need to remove components from a gas stream.
Flue gases contain species that can be harmful to health and environment if released
into the atmosphere. Fuel gases, on the other hand, can contain components that
damage equipment and pipelines.® In addition, the presence of certain compounds
might result in the final product not meeting quality specifications.® During the
absorption processes, the solvent can undergo unwanted irreversible reactions caused
by the presence of oxidizing species in the gas, or elevated temperatures. This results
in lowered absorption capacity, operational issues and possible damage to the
absorption unit.

In this PhD thesis, the focus has been on the solvent degradation related to two
different gas purification applications: CO, capture using amine-based solvents and
gas dehydration based on glycols. These two processes will be described in further
detail in the following sections.



1.1.1 Carbon Capture

CO; is a component in flue gases and is considered the single largest contributor to
global greenhouse gas emissions.® The greenhouse gases trap energy from the sun,
increasing the earth’s temperatures.® This will affect the weather and climate systems
of the planet, which in turn will have serious consequences for life on earth. To tackle
this issue, carbon capture and storage (CCS) has the potential to be an effective tool.
In the report of 2018 by the Intergovernmental Panel on Climate Change (IPCC),
carbon capture and storage (CCS) or carbon capture, utilization, and storage (CCUS)
were included in three out of four proposed scenarios to sufficiently reduce emissions.
The four scenarios are cases where carbon emissions will be sufficiently reduced
whilst the global energy requirements are still met during the shift towards full
implementation of renewable energy.” The scenario not including CCS or CCUS is
based on reducing the energy requirements, use of emission-intensive goods, and land
use by the global society. It should also be mentioned that even in an ideal case, where
renewable energy could cover the current energy demand, processes such as metal
production, cement production, and waste-to-energy (WTE) would still be necessary,
and so CCS would still be an important technology.
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Scheme 1.1: COz absorption pathways for a primary aqueous amine.®

Though other technologies are available, absorption with amines is by far the most
mature technology to capture CO,.%¥ This absorption technology is based on the
amines' ability to chemically bind with CO. through acid-base reactions. Amines are
categorized as primary, secondary, or tertiary, depending on how many substituents
they have. Scheme 1.1 shows an example of CO, absorption with an aqueous primary



amine. Following route (a), both primary and secondary amines readily undergo
formation to a carbamate, potentially via the formation of a short-lived zwitterion,
requiring two moles of MEA per mole CO..1**2 Tertiary amine cannot undergo this
reaction as they do not have a proton to take part in the proton transfer from zwitterion
to carbamate. The carbamate formation is also less favored for some sterically hinder
primary and secondary amines, e.g. 2-amino-2-methyl-1-propanol (AMP). These,
and the tertiary amines, can undergo reactions with CO, to form bicarbonate and
carbonate salts via the formation of carbonic acid as presented in route (c).
Bicarbonate and carbonate can also be formed through hydrolysis of the carbamate,
following route (b).141°

These reactions are exothermic and can be reversed by applying heat to the amine
solution. An overview of this process is presented in Figure 1.1. The gas enters an
absorber column at the bottom and travels up countercurrent to the amine solvent.
The cleaned flue gas leaves the absorber via a water wash. In the water wash, the flue
gas is treated to catch possible amine compounds following the gas. The rich amine
solution is pumped via a lean/rich heat exchanger and enters the top of the desorber.
In the desorber, the amine is regenerated by adding heat, reversing the absorption
reactions and releasing the chemically bound CO.. The heat is supplied by the reboiler
at the bottom of the desorber. Here, part of the water in the aqueous amine solution
is evaporated, providing stripping steam for the regeneration column. A part of the
water vapor and the freed CO; leave the column at the top, and the water vapor is
recovered in a condenser, while the CO; leaves the system. The lean amine solution
then leaves the reboiler and is cooled down in the rich/lean heat exchanger. After an
additional cooler, it reenters the absorber column.

Lean Co,
flue

gas

&
]

Rich
flue
gas

R B ™

-—

Figure 1.1: Simplified overview of the amine scrubbing process.
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During this process, the amines are prone to undergo irreversible degradation
reactions. This can occur as the solvent comes into contact with oxidizing species in
the gas or when it is heated to high temperatures during the regeneration step.®” The
degradation of the solvent causes operational problems such as corrosion, foaming,
and solvent losses.®

Typical amine solvents consist of a single amine, or a mixture of amines, in water.
Monoethanol amine (MEA) is one of the most studied amines, and 30wt% aqueous
MEA has long been considered the benchmark solvent for CCS.*® An aqueous
mixture of piperazine (PZ) and 2-amino-2-methyl-1-propanol (AMP) has, however,
later been called the new benchmark solvent.® In recent years, water-lean amine
systems have been proposed as a possible new solvent for chemical absorption.

Water-lean solvents, also known as hybrid or mixed solvents, are solvents with the
common denominator of reduced water content. The idea behind reducing the water
content is that the absence of water will reduce energy consumption during solvent
regeneration.?*? The collective term of water-lean solvents covers a broad variety of
solvents. The reduction in water can be achieved simply by increasing the
concentration of the amine or by exchanging the water with another cosolvent.
Solvent systems of both kinds have been developed?-2, and some have been tested
at pilot scale.3%36

1.1.2 Gas Dehydration

Natural gas is usually saturated with water when it is extracted from the reservoirs
and/or water is added during the sweetening process.®” This water can cause problems
in processing and transportation. The most severe problem is the possible formation
of hydrates.®2° Hydrates are crystalline structures consisting of cages of water
encapsulating smaller molecules, e.g. methane. The formation of hydrates can result
in plugging of the equipment and the pipelines. Corrosion can also occur as the water
condenses, especially if the gas contains acid components such as CO; and H,S.404
In addition, water in the gas increases the volume and decreases the heating value of
the gas.® Due to this, gas transportation companies usually have specific requirements
for the content of water in natural gas. To meet the water content specifications, the
natural gas must be dehydrated.

There are several ways of removing water from natural gas. Commercially available
methods include adsorption, absorption, condensation, and membrane separation.*?
The most common of these is absorption with glycols, where the water in the gas
stream is absorbed into a liquid glycol stream. Glycols are a class of solvents with a
wide variety of uses. Structurally, they are aliphatic diols and are a good choice as
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solvents for dehydration due to their hygroscopic properties, i.e. their affinity towards
water.*® Four glycols are commonly available for dehydration: ethylene glycol
(MEG), diethylene glycol (DEG), triethylene glycol (TEG), and tetraethylene glycol
(TREG). Their overall strengths in this application are that they have a high
absorption efficiency, can be easily regenerated, are in themselves non-corrosive,
have a minimal capacity to absorb hydrocarbons and have a low cost.® The most
commonly used glycol is TEG. This is because it has lower solvent losses and is more
stable than the others during the generation, meaning a higher purity of the lean glycol
can be achieved with TEG.

Overall, the process is very similar to the amine scrubbing process, with an absorber
and a stripper column as the main components. An overview of a glycol dehydration
unit is presented in Figure 1.2. The wet gas enters the bottom of the absorber and
flows upwards, countercurrent to lean glycol. The glycol enters the column at the top,
and as it flows down, it absorbs water from the gas. At the bottom of the absorber,
the water-containing rich glycol is transported to a flash tank. In the flash tank, most
of the volatile components, such as methane, absorbed into the rich glycol are flashed
out. After this, the rich glycol is passed through carbon filters and a lean/rich glycol
heat exchanger, before entering the regenerator. The water is removed from the glycol
in the regenerator by heat at pressures close to atmospheric. The lean glycol is then
cooled in the lean/rich glycol heat exchanger and a glycol cooler before being
reintroduced at the top of the absorption column.

Dry Water
gas vapour

Flash
gas

e e

Figure 1.2: Simplified overview of the glycol dehydration process.*®



During this process, degradation of the glycol can occur. As with the amines, this
happens as the glycol comes into contact with oxidizing components in the gas and
at elevated temperatures. The oxidizing species can enter the system with incoming
gas and through packing glands. Heating the glycol too much can occur if the reboiler
temperature is too high or by localized overheating. During operation, degradation of
the glycol can cause problems such as corrosion, foaming, and loss of
performance. 3424546

1.1.3 Solvent Degradation

Solvent degradation has in many cases become synonymous with amine degradation
due to the large effort of this research community to overcome this issue. However,
as mentioned in the previous section, it is clear that it is also an issue for other solvent
systems, such as glycols. Due to the harsh conditions the solvents are exposed to in
their respective process, solvent degradation occurs. This results in operational issues
and reduced efficiency of the overall process.

The cost of the dehydration is covered by the profits of selling methane. CCS, on the
other hand, is not considered profitable for the industry, though there are incentives
in place. Naturally, solvent degradation increases the costs for running the processes.
This can cause amine-based CO; capture from flue gases to become less interesting
for the industry from an economic perspective. Reducing costs is an important step
to make the technology more viable.

There is also an environmental aspect to consider. As either amine or glycol solvents
degrade and must be replaced, the problem of the large amounts of solvent waste
becomes apparent. There are options for treating the degraded solvent,*’* but also
this results in concentrated degradation residue, which must be handled. This
chemical waste can be a potential strain on the environment and should be minimized.

Knowledge of what is occurring in the solvent systems is important to counteract or
lessen the impact of solvent degradation. This includes knowledge of which
components are being formed and by which reactions they are being formed, to which
parameters are affecting the reactions. With this knowledge, techniques for
monitoring, options for reclaiming, and potential degradation inhibitors can be
developed.



1.2 Objectives of the Thesis

The main objective of this work was to increase the understanding of the chemical
processes occurring as solvents used in amine-based CO; capture and in glycol-based
gas dehydration degrade. There has been an emphasis on laboratory-scale
experiments, which were conducted with the intent of achieving enhanced
degradation rates.

Oxidative and thermal degradation of selected water-lean amine systems were
studied. Through this, the aim was to study the effect of the solvent on the stability
of the amine. The oxidative and thermal stability of glycols was also studied.
Triethylene glycol was selected as the test solvent due to its importance in the gas
dehydration process. The goal of this part was to map degradation components
formed during the degradation process. Simultaneously, there was a focus on
developing analytical methods for quantifying glycols and their degradation products.

1.3 Outline of the Thesis

This thesis is a collection of published or submitted papers.

Chapter 2 contains a short literature review of the current knowledge on the stability
of amines and glycols.

Chapter 3 describes the experimental and analytical methods employed in this work.

Chapter 4 presents a review paper on degradation and emissions in pilot-scale CO-
capture.

Chapter 5 presents a journal paper on how the choice of solvent affects the thermal
stability of amines.

Chapter 6 presents a conference paper on effect of increased amine concentrations
the oxidative degradation of MEA, in addition to a discussion of the challenges
related to doing experimental studies on the stability of water-lean solvent systems.

Chapter 7 presents a manuscript about developed analytical tools for the monitoring
of glycols degradation, in addition to results from a thermal degradation study of
TEG.

Chapter 8 presents a manuscript on the oxidative degradation of triethylene glycol.

Chapter 9 contains a summary of the findings of this thesis and recommendations
for further work.
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Chapter 2

Literature review

This chapter will be divided into two parts, covering each of the two solvent classes
studied in this PhD work. Each part will give an overview of what is known about the
oxidative and thermal degradation of the solvents and an overview on analytical
techniques used to monitor the solvent systems.

2.1 Amine Degradation

Amines are known to oxidatively and thermally degrade during the amine scrubbing
process. Even though MEA is no longer considered the most commonly used amine
in this process, it is by far the most thoroughly studied amine when it comes to
degradation. As a laboratory test system for amine degradation, MEA works very
well. It degrades more readily than many other amines, which allows experiments to
be conducted within a reasonable timeframe. In addition, due to the extensive
research done on the degradation of MEA, many degradation components are already
identified, and multiple mechanisms have been proposed. Many of the more stable
amines seem to undergo similar degradation reactions as MEA, so the knowledge
gained from this system can be valuable for the overall picture of amine degradation.*
Because of this, the mechanistic study presented here will focus on MEA.

2.1.1 Oxidative Degradation of Amines

Oxidative degradation of amines occurs as the amine comes into contact with
oxidizing species in the flue gas, such as Oz, SOx, and NOx. The degradation products
formed are categorized into three groups, primary degradation products, secondary
degradation products, and nitrous amines. A selection of the main primary and
secondary oxidative degradation products is presented in Table 2.1.
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Table 2.1: Names, abbreviations, CAS numbers, and chemical structures of many of the primary and
secondary oxidative degradation products of MEA.

CAS
Name Abbrev. Structure
number
Primary degradation products
Idehyd 07-0 i
Acetaldehyde - 75-07-
H)K
d 0]
Acetic aci - 64-19-7
HO)K
; 0]
Formic aci - 71-47-6
HOJ\H
O
Formaldehyde - 50-00-0 )]\
H” "H
lycol d i
Glycolic aci - 79-14-1 OH
HO)K/
(0]
Glyoxal - 131543-46-9 H)H(H
(0]
o]
Glyoxylic acid - 298-12-4 HO)S(H
o]
0]
. . _ _ _ OH
Oxalic acid 144-62-7 HO)S(
(0]
Secondary degradation products
N,N-Bis(2- o 4
hydroxyethy!l)- BHEOX 1871-89-2 HO\/\NJ\WN\/\OH
oxamide H o
N-(2-Hydroxyethyl) ?
-(2-Hydroxyethyl)- e
acetamide HEA 142-26-7 HO\/\”J\
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0
N-(2-Hydroxyethyl)- HEF 693-06-1 HO._~ )J\
N

formamide H
H
N-(2-HydroxyethyD- g1y 5835-28-9 Ho
glycine Ho/\/N\)J\OH
(N-(2-Hydroxyethyl)- H 0
2-(hydroxyethyl)- HEHEAA  144236-39-5 HO /\/N\)J\N ~~_-OH
amino)acetamide H
N-(2-Hydroxyethyl)- B /=N
imidazole HEI 1615-14-1 HO/\/N\)
2-((2-Hydroxy- 0
ethyl)amino)-2- HEOX 5270-73-5 HO -~ H
oxoacetic acid H 0
(0]

ggp:'é‘i:%zzthy') HEPO  23936-04-1 NH

/\/N\)

HO
0]
L-(-Hydroxyethy)- - eon 59702-23-7 NSO
2-piperazinone
HN\)

2-Hydroxy-N-(2- 0]
hydroxyethyl)- HHEA 3586-25-2 HOM\N J\/OH
acetamide H

The initial oxidative degradation mechanism is believed to happen via a radical
mechanism with the amine and the oxidizing species. How it is occurring is still
unclear, though it is believed to happen via oxidation initiated by an electron or
hydrogen abstraction.>* The reaction forms oxidized fragments in the form of
ammonia, organic acids, aldehydes and alkylamines. A collection of these is shown
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in Scheme 2.1.° Secondary degradation products are formed as the solvent amine
reacts with the primary degradation products or with other secondary degradation
products.

0 0 (0] H
VIO S A

~ H H H O

Ammonia Methylamine Formaldehyde Acetaldehyde Glyoxal
NH, O2
HO "2 0 o QoM

0
MEA HO)J\H HOJ\ HOJ\/OH HOHO

Formic acid Acetic acid Glycolic acid Oxalic acid

Scheme 2.1: Formation of primary oxidative degradation products of MEA.>

Many of the secondary degradation products are suspected to form through reactions
between the solvent amine and the acidic primary degradation products. HEF, HEA,
HHEA, and HEOX are such compounds. An overview of the formation of these is
presented in Scheme 2.2.57 As oxalic acid has two acid groups, once HEOX is
formed, it can potentially react one more time to form BHEOX.® It should be noted
that HEOX is only tentatively identified, as it has not been identified by MS or by a
commercially available standard. The identification has been done based on a
standard synthesized in the laboratory, confirmed by qualitative NMR analysis. The
peak in the IC chromatogram of this standard overlapped with an unknown peak in
oxidatively degraded MEA.®

e} (0]
HOV\N)J\
H

o~ NH 4 P R

HO” "R H,0

R4 = H (formic acid)

R, = CHj (acetic acid)

R; = CH,OH (glycolic acid) I:>
R4 = C(O)OH (oxalic acid)

Rs = C(O)NHCH,CH,0H (HEOX)

Scheme 2.2: Proposed formation of HEF, HEA, HHEA, HEOX, and BHEOX following da Silva et al.®,
Lepaumier et al.b, and Strazisar et al.”

There are some oxidative degradation compounds whose formation is not as
straightforward to explain. In laboratory experiments, HeGly has not been found to
be a condensation product of any two other degradation products. Vevelstad et al.°
have proposed that HeGly is formed through a reaction between MEA and glyoxylic
acid, as presented in Scheme 2.3. Gouedard®® has, on the other hand, proposed that
the formation of HeGly occurs in an equilibrium reaction of HEHEAA and MEA.
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This would require an initial formation of HEHEAA, which is explained by a reaction
between glyoxal and two MEA molecules. The total mechanism proposed for the
formation of HEHEAA and HeGly is presented in Scheme 2.4.

0 0]
HO/\/NHZ + HJKH/OH - > HO/\/N§))J\OH
(0] H (0]
Ta
(0]

formic acid
-CO,

e
N
HO™ > \)J\OH
HeGly

Scheme 2.3: Formation of HeGly from MEA and glycolic acid, as proposed by Vevelstad et al.®

Q H
o) OH +\I\/IE;A
{ OH
AP
(OH H

0] OH
P OH N OH
HO™ > N - Ho >~ N~
H H
HEHEAA
+ H,0
- MEA
e
N
HO™ > \)J\OH

HeGly

Scheme 2.4: Formation of HeGly from MEA and glyoxal via HEHEAA as proposed by Gouedard.°
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Da Silva et al.® have proposed that the formation of HEHEAA happens with HeGly
and MEA as reactants, similar to the last equilibrium reaction of Scheme 2.4. In this
case, the reaction is expected to be a condensation reaction similar to those with the
acid primary degradation compounds. Additionally, Strazisar et al.” have proposed
that the formation of HEHEAA occurs through an iron-catalyzed radical reaction
between MEA and HEA.

c)

(6] N
¥ (ORN
0 H '
H\)J\ O&NH Ho/\/'\{\)J\N/\/OH
HO/\/ \(1_'4./'\ / \\\ H /,4
HeGly 0zD HEHEAA
-Cco,
- HQO/ \ HZO
NH»
H o (6] (0]
/\/OH
HO/\/N\)J\OH H,0 %NH #N
o~ HN
HEPO 1HEPO
b)
S -HA "HO
HJ\W
o > HO  OH
H — N
H2N/\/N\/\OH \—/ XOH
HEEDA

Scheme 2.5: Formation of HEPO and 1HEPO following a) and b) as described by Gouedard?® and c) as

described by Strazisar et al.” and da Silva et al.

Multiple mechanisms have been proposed to explain the formation of HEPO and
1HEPO. An overview of these is presented in Scheme 2.5. Gouedard*® have proposed
a possible pathway for the formation of HEPO and 1HEPO, in addition to one
pathway for the formation of only HEPO. In the former, HEEDA and glyoxal react
and depending on where carbonyl is formed HEPO or 1HEPO is formed. In the latter,
the formation of HEPO occurs as a result of HeGly attacking OZD. After the ring
opening of OZD, a nucleophilic attack by the amine group on the acid group results
in a new ring formation and the formation of HEPO. HEPO is generally found in
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higher concentrations than 1HEPO, and this additional pathway to form HEPO is
explained as the possible reason for this. Strazisar et al.” and da Silva et al.> have
proposed another mechanism for the formation of HEPO and 1HEPO starting from
HEHEAA. This is expected to be a self-condensation, and depending on which
carbon is attacked, either HEPO or 1HEPO is formed. Da Silva et al.® additionally
report that the formation of HEPO and 1HEPO required high temperatures. They
propose that this is the reason why there are such large deviations in how much HEPO
is found at different plants, as strippers are operated differently at different plants.

Though HEI is an important degradation product found in pilot plants, it is still
unclear how it is formed. Vevelstad et al.® have proposed a mechanism where MEA
reacts with glyoxylic acid, via an imine, to form HEI, as presented in Scheme 2.6.
The formation of HEI has been found to increase with both oxygen and temperature.

/—N
AN+ INGA A~_N \
HO N K'O HO 2D
Ho)
OH"
7 “H
/=N NH; -
- - N
/\/N = + + \
HO 2 NH, Ho N D
HEI

Scheme 2.6: Formation of HEI as proposed by Vevelstad et al.'?

Which degradation compounds are the major ones found in laboratory scale
experiments and pilot scale samples do not coincide. In pilot scale, HEPO and HeGly
are reported to be the major degradation compounds.>!? In laboratory experiments,
however, HEF and HEI are found with the highest concentrations. This discrepancy
is likely caused by the different conditions in the two cases. Laboratory scale
experiments are often designed to enhance the degradation. This is done to allow
more manageable durations of the experiments as well as higher concentrations of the
degradation compounds. Vevelstad et al.”® have conducted a study looking into
parameters affecting the degradation pattern seen in open batch degradation
experiments. They reported that experiments conducted at 75 °C and with 6% oxygen
in the gas sparged into the amine solution gives results resembling degradation seen
in cycled degradation rigs and pilot plants.
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Other oxidative degradation compounds of MEA have been identified but are usually
only found in small quantities. Nitrosamines and nitramines are also only formed in
low concentrations, but due to their carcinogenic properties, it is important to
accurately account for them.!* They are expected to form through the reaction
between the amines in the solvent and NOx components in the flue gas.*®

2.1.2 Thermal Degradation of Amines

At elevated temperatures and with CO, present, the amine can undergo thermal
degradation reactions. These reactions are expected to happen predominantly in the
stripper and the reboiler.>*” The thermal degradation with CO,, has been found to
increase with higher temperatures, pressures, and CO, concentrations.!’*® Thermal
degradation of the amine can also occur at elevated temperatures without CO; present.
In these cases, however, little degradation is observed up to 200 °C.?°

The thermal degradation of MEA is considered a polymerization reaction, often
referred to as the carbamate polymerization reaction. Thermal degradation products
expected to form through this mechanism are presented in Table 2.2. MEA reacts
with CO, to form MEA-carbamate. The MEA-carbamate, or possibly its
corresponding acid, can then undergo an intramolecular cyclization to form OZD, as
presented in Scheme 2.7.7 This is suspected to be an intermediate product as it is only
present at low concentrations. Furthermore, as a reactive intermediate, it is suspected
to take part in many of the following carbamate polymerization reactions. It should
be mentioned that OZD has also been found to form through oxidative reactions at
lower temperatures.'

H H
N O
- ~ ~  -OH

o) ~—" o

MEA carbamate ozb

Scheme 2.7: OZD formation by MEA carbamate cyclization.61718

Once OZD is formed, MEA will react with it to form larger polymerization products,
as presented in Scheme 2.8. HEEDA and HEIA are examples of this. Polderman et
al.?! proposed that of the two, HEIA is formed first from MEA reacting with OZD.
From this, HEEDA is formed by an attack of a water molecule and the expulsion of
CO,. Later, Davis?? has shown that HEIA is readily formed when HEEDA is exposed
to CO,. HEEDA, on the other hand, does not form readily from HEIA under stripper
conditions. Studying these reactions further in laboratory experiments, it has been
found that HEEDA stabilizes once a certain concentration is reached. HEIA, on the
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other hand, accumulates over time.® These findings substantiate the proposition of
HEEDA being an intermediate and HEIA being an end product.

Table 2.2: Names, abbreviations, CAS numbers, and chemical structures of the main thermal
degradation products of MEA.

CAS
Name Abbrev. Structure
number
N-(2-Aminoethyl)- )O]\
N’(2-hydroxyethl)- AEHEIA no CAS
imidazolidione HO—/"N" NTN\NH;
N-(2-((2- j\
Hydroxyethyl)- H
amino)ethyl)- HEAEIA  1154942-78-5 /\/N N NH
imidazolidin-2-one HO
2-(2-Hydroxyethyl- H
. -41- N
amino)ethanol HEEDA 111-41-1 HO™ > \/\NHZ
N-(2-Hyd hyl) j\
-(2-Hydroxyethy!)- A
2-imidazolidione HEIA 3699-54-5 HO—""N" 'NH
N,N'-Bis(2-hydr )OJ\
N'-Bis(2-hydr-
- -70- H H
oxyethylurea MEA-urea  15438-70-7 OV\N N/\/O
H H
X
2-Oxazolidinone 0zD 497-25-6 o “NH
\_/
N'-(2-Hydroxyethyl)- H
: e TRIMEA 1965293 o >N > NH2
diethylentriamine H

Depending on where on the OZD molecule nitrogen from MEA attacks, either
HEEDA or MEA-urea can be formed. When OZD’s carbonyl is attacked, a ring
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cleavage occurs, and MEA-urea is formed. In this case, CO; is not expelled during
the reaction.

Similar to the formation of HEEDA, further polymerization compounds can be
formed through similar degradation mechanisms as the ones described above. As
HEEDA is expected to be formed from a reaction between MEA and OZD, TRIMEA
is likely formed through a reaction of HEEDA and OZD.? TRIMEA can then react
with another OZD to then form bigger polymeric products. In addition to this,
TRIMEA is also suggested to undergo a similar cyclization reaction as for the
formation of HEIA by reacting with CO>. This could result in two isomers depending
on where the ring closure occurs, AEHEIA or HEAEIA.

H O +CO,-H*
2- NH
HO Tt ey o2
(on MEA
MEA carbamate
_ +OZDl-C02
-OH el 0
e H +CO
N 2 HO— "N~ 'NH
o o HO """ NH, > /
P HEEDA HEIA
O NH
| S
----- -
0zD +0ZD|-CO,
X
+MEA H *CO2  HO-— TN "N\ ~NH,
l * Ho/\/N\/\N/\/NH2 —_— /
H AEHEIA
. TRIMEA
j\ or isomer
* (0]
HO\/\N N/\/OH A +OZDl-C02 ] )k
H H NN~ "NH
MEA-urea HO/\/ /
Further polymeric
products HEAEIA

Scheme 2.8: Overview of proposed carbamate polymerization reaction of MEA at stripper conditions.?

These mechanisms proposed for the thermal degradation of MEA have been found to
be analogous to what is seen during the thermal degradation of other amines such as
AP and MMEA .%2® Tertiary amines, however, are much more thermally stable than
the primary and secondary amines. This is because they do not form carbamate when
reacting with CO,, so naturally they cannot degrade through the carbamate
polymerization reaction. For tertiary amines to thermally degrade, they are expected
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to first go through a dealkylation reaction. Once a secondary amine is formed, thermal
degradation can occur as described above.®

The thermal degradation products have been found to be less dominant in pilot plants
than the oxidative degradation products.>?® Both at laboratory and pilot scale, the
same main compounds are formed. The most dominant is HEIA, followed by HEEDA
and OZD.%7

2.1.3 Water-Lean Solvents

The degradation described above is centered on aqueous amine systems. How it
would change when changing the solvent composition is generally not known. Even
the effect of the water itself has not yet been studied. For water-lean solvents, there
is in general an overall problem that degradation of these systems is barely described
in the literature. Of course, a problem here is also that as water-lean solvents can be
so many different things, one should be careful with generalizing. All the same, as
new solvent systems are being developed, degradation seems to be of very little focus.

Shoukat et al.?6?” have compared the thermal degradation of aqueous amines to the
thermal degradation of mixtures of amines, glycols, and water. In an experiment with
MEA, ethylene glycol (MEG), and triethylene glycol (TEG), they found that the
solutions with either of the glycols present had a much higher thermal degradation
rate than that of the purely aqueous solutions. These trends were also seen in similar
experiments with the much more stable methyl diethanolamine (MDEA). In
experiments with various tertiary amines, however, cases where the amine was more
stable in the glycol-containing solvents were observed. If this is an effect of removing
the water or of the presence of the glycol solvent itself has not been further studied.

Some of the water-lean solvents tested at pilot plants claim good results in terms of
stability in their reports.?8-3! Very little information is given, however, and as these
are proprietary solvents no generalizations can be made.

2.1.4 Monitoring Amines

An overview of the analytical methods used in the CCUS field can be found in a
review paper by Cuccia et al.*> Additionally, Perinu at al.** have published a review
on NMR spectroscopy applied to amine-CO>-H,O systems. A literature review on
degradation and emissions in post-combustion CO- capture pilot plants can be found
in Chapter 4. Included in this review is an overview and discussion of the monitoring
techniques applied at pilot scale.
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2.2 Glycol Degradation

Like amines, glycols have also been found to undergo oxidative and thermal
degradation reactions.® Overall, there is very little data available on the degradation
of the glycols. This is especially noticeable for TEG. Even though it is the glycol
most used for gas dehydration, there are barely any publications describing
degradation, and none covering the analytical method used to monitor the glycol
system. In the following sections, the literature available on the oxidative and thermal
degradation of the glycols will be presented. In both cases, literature on other glycols
than TEG will be included, as their similar structure makes it possible that chemical
reactions occurring are transferable to the TEG system. Lastly, a short overview of
the analytical methods described in the literature is presented. The glycols included
are presented in Table 2.3.

Table 2.3: Names, abbreviations, CAS numbers, and chemical structures of the glycols included in the
literature review.

CAS

Name Abbrev. Structure
numbers

Triethylene 0 OH
yeol TEG 112-27-6 HO™ "0
Diethyl

ethylene DEG  111-46-6 HO™ >O"on
glycol
Monoethylene =~ 510 Ho ~OH
glycol
Tetraethylene O 0
glycol TREG 112607 Ho ™0 > """"0H
Polyethylene -~ cos oo HO Oty
glycol n

2.2.1 Oxidative Degradation of Glycols

The oxidative degradation of the glycols occurs when the glycols are in contact with
oxidizing species, typically oxygen. As this issue is enhanced at elevated
temperatures, it is often referred to as thermal-oxidative degradation. The chemical
structure of the glycols makes them susceptible to attack by oxygen. The two alcohol
groups, typical for all glycols, can potentially be oxidized to first aldehydes and then
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further to carboxylic acids. For the glycols with longer chains, such as DEG and TEG,
the ether bonds are very reactive under oxidating conditions.®

As stated earlier, there is not much published on the degradation of TEG. Mokhatab
et al.*® report that the oxidative degradation of TEG results in the formation of organic
acids. Forster®” presents a radical degradation scheme and suggests multiple possible
degradation products. It is proposed that the initial oxidation of the TEG occurs on a
carbon atom adjacent to the oxygen of the ether. This results in cleavage of the TEG
chain, forming smaller molecules. These consist of carboxylic acids (e.g. formic and
acetic acid), smaller glycols (e.g. MEG and DEG), and aldehydes. Additionally, the
formation of glycol ethers and glycol esters is proposed. Metal ions further accelerate
these reactions. There is no data provided to support this.

Data on the oxidative degradation of DEG is also lacking. It has been studied by
Lloyd et al.®® at temperatures up to 95 °C. At low temperatures, they report
autoxidation of DEG resulting in the formation of formic acid, formaldehyde,
diethylene glycol formate, water, MEG, and 1,3-dioxolane. The structure of some of
these is presented in Figure 2.1. In addition, glycol peroxides are suspected of having
formed. No CO; was detected in their gas phase. At higher temperatures, the
formation of total aldehyde and total acid concentrations increased. The existence of
MEG and formaldehyde in the system can likely be the cause of formation of
1,3-dioxolanes, which is an acid-catalyzed reaction used industrially.34°

0 0 0
o Mo

M M M 0
H™ O H H"YOH R o " ~"on
Formaldehyde Formic acid Diethylene glycol formate 1,3-dioxolane

Figure 2.1: Structure of some reported oxidative degradation products of DEG.3®

MEG is the glycol whose degradation has been most studied. This is due to it being
used in heat transfer fluids in solar energy collection systems, where it also has been
found to degrade. The literature mainly reports that MEG forms small organic acids
as it oxidatively degrades.*** These include formic, acetic, glycolic, glyoxylic, and
oxalic acid, shown in Figure 2.2. In this case, simple oxidation of the alcohol groups
to form the aldehydes or carboxylic acids is proposed. Formic and glycolic acid are
both reported as the main acidic degradation product, though which one is dominant
varies. #4344
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0 0
0 0 0
H HO
HJ\OH )J\OH HO\)J\OH 701)\0” TO\)J\OH

Formic acid Acetic acid Glycolic acid Glyoxylic acid Oxalic acid

Figure 2.2: Small organic acids formed during the oxidation of MEG.

Brown et al.*® report the formation of CO, during the oxidative degradation of
aqueous MEG solutions. This formation occurred at temperatures down to 100 °C,
which was the lowest temperature of the experimental study and increased with
increasing temperatures. They propose that the formation of CO, could occur through
a decarboxylation reaction from oxalic acid. Psarrou et al.** propose that water is
formed as a byproduct of the formation of formic and glycolic acid from MEG. There
is however no data to confirm this. The effect of aluminum and copper on the
formation of the degradation products of MEG has been studied.***64” Copper has
been found to drastically increase the formation rates of these. Aluminum has a
similar effect but to a lesser degree. Increased temperature has also been found to
increase the degradation rate of MEG.*647

There are also some studies done on the degradation of glycols with longer carbon
chains. The degradation of propylene glycol has for example been studied in
connection with the study of MEG.*#” The oxidative degradation of propylene glycol
resulted in the formation of acids corresponding to those of MEG.

Studies on longer chained glycols are also interesting for understanding possible
outcomes of the degradation of TEG. Oxidative degradation of TREG has been
reported to result in radical reactions forming hydroperoxides of the ethers in a study
by Glastrup et al.*® This study also reports that the presence of iron or copper
decreases the degradation rates, while the presence of nickel accelerates it. In
addition, an increase in the temperature was found to increase the degradation rate of
TREG. In an additional study by Glastrup,*® the oxidation of TREG resulted in a bond
breakage and the formation of a shortened glycol molecule and formic acid. The
formic acid was found to react with TREG, forming first the mono TREG formate
and as the reaction went on the di TREG formate was found. An overview of these
reactions is presented in Scheme 2.9 and Scheme 2.10.
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Scheme 2.9: Oxidation of TREG resulting in the formation of a shortened glycol and formic acid.*®

HO™ O™ Oy
TREG

0]

J

H OH
(0]
HO/\/O\/\O/\/O\/\OJ\H

MonoTREG formate

o)

X

H™ “OH

DiTREG formate

Scheme 2.10: Formation of mono- and di TREG formate through reaction between TREG and formic
acid.*®

A study by Goglev and Neiman® on the oxidative degradation of polyethylene glycol
(PEG) has also shown this, in addition to the formation of water, CO2, formaldehyde,
acetaldehyde, methyl formate, and ethyl formate. They also present results from
isotope marking of the oxygen gas. The formed CO, and formaldehyde are found to
have oxygen mainly from the labelled gas, while the water contains approximately
equal parts labelled and unlabeled. In a study by Han et al.5 on the oxidative
degradation of PEG, peroxides were also proposed to form as a precursor to bond
breakage of the esters and the formation of aldehydes. The proposed scheme is
presented in Scheme 2.11.
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Scheme 2.11: Peroxide formation on a PEG chain, resulting in chain breakage and formation of an
aldehyde and a radical fragment.>

2.2.2 Thermal Degradation of Glycols

Thermal degradation, also called cracking and pyrolysis, of the glycol are the
mechanisms taking place when high temperatures are applied to the glycol without
oxygen being present. In the literature, it is reported that TEG starts to thermally
degrade at temperatures exceeding 204-206 °C.34525% As with oxidative degradation,
the literature on the thermal degradation of TEG is lacking. Mokhatab et al.® report
that the thermal degradation of TEG produces acidic degradation products. Forster3’
describes that the thermal degradation of TEG occurs through the formation of radical
fragments. These decompose to form smaller fragments, such as small glycols
(e.g., DEG and MEG), methanol, ethanol, small aldehydes, and ethers. A
corresponding fragmentation has been seen during the thermal degradation of PEG.%*
Madorsicy et al.>* also describe further breakdown of the PEG chain caused by
intramolecular radical reactions forming ethylene oxide, as shown in Scheme 2.12.

A

RO O R OO+ R
PEG
N A
C (o —=

. . e R
R/O\/\Oj\/o /\ + \O)/\/

ethylene oxide

S

Scheme 2.12: Radical fragmentation of PEG, followed by a chain fragmentation reaction forming
ethylene oxide.>*

30



Thermal degradation of MEG has been reported to produce acetaldehyde and water,
and ethylene oxide and water, through dehydration reactions.>® The formation of
acetaldehyde is supported by MEG’s ability to rearrange to convert into acetaldehyde
in a concerted migration of a hydride with water loss, as presented in Scheme 2.13.%
In a study by Vidal et al.*°, MEG was found to polymerize above the boiling point of
MEG (197 °C) in a dehydration reaction to form DEG. This opens for the formation
of larger glycol chains.

\\ O
H
HO _~ oy -H0 H.,
R . S
MEG HO 2 Acetaldehyde

Scheme 2.13: Rearrangement mechanism from MEG to acetaldehyde.%®

2.2.3 Monitoring Glycols

Just as there is little data published on the degradation of TEG, there are subsequently
few publications on analytical techniques for monitoring its degradation. In
degradation studies of the various glycols, no analytical technique is published for
the quantification of TEG, DEG, or MEG themselves. A method for the quantification
of TREG by GC-MS analysis has been published by Glastrup and Padfield*® and
Glastrup®. Additionally, techniques for quantification of MEG are described in
literature from other fields.>"-°

Analysis of the small organic acids is published mainly in connection with the
oxidative degradation of MEG happening when it is used in heat-transfer fluids in
solar collector systems. In this case, multiple techniques have been used. lon
chromatography (IC)*® and ion chromatography exclusion (ICE)** have been used
and the methods have been described. In addition, FT-IR and X-ray have been used
to study copper(Il)salts formed between copper ions and acid products.*> Another
method suggested for quantifying the acids is pH measurements.*¢4” When later
compared to results from the quantification of the acids by IC, it was found pH results
do not represent the number of acid degradation products found in the degraded
solutions.** Analysis of O, and CO- in the gas phase by mass spectroscopy (MS) has
been reported, but no information on the instrument or the methodology has been
given.*
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Chapter 3

Materials and Methods

This chapter contains in-depth descriptions and details on experimental setups and
analytical techniques employed in this PhD work.

3.1 Thermal Degradation Experiment

The thermal degradation experiments were performed by a similar approach as
Eide-Haugmo et al.> The solvents to be tested were placed in 316 stainless steel
cylinders, closed with Swagelok® end caps. The cylinders were 10 cm long, had an
outer diameter of 1.3 cm and a thickness of 0.1 cm. All experiments were performed
with two parallels. Thus, to acquire five data points over a time series, excluding day
0, ten cylinders were filled with the same solution.

For the experiments run directly in the cylinders, 8 mL of the solutions were added.
Some of the experiments were also conducted with glass vials inserted in the
cylinders to avoid contact between the solvent and the metal walls of the cylinder. In
these cases, 4 mL of the solutions were added. The cylinders were closely sealed and
placed in an oven at the desired temperature. During sampling, two cylinders were
removed, cooled down to room temperature, weighed, and opened. The cylinders
were weighed before and after the experiment to detect possible leakages. If leakages
were detected, these cylinders were not included, and the reported results were only
based on one sample. Once a cylinder was opened for sampling, it was not returned
for further degradation.

The sampling frequency was varied depending on the solvent. For easily degradable
solvents, such as primary and secondary amines, samples were taken each week. For
more stable compounds, such as tertiary amines and glycols, sampling was conducted
every second week to allow more degradation to occur.
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The temperature for the thermal degradation of the amines was set to 135 °C. This
temperature was chosen as it has been reported in other, similar studies.” In this way,
the results could be compared with the data from these publications. The temperature
chosen for the thermal degradation experiments with triethylene glycol (TEG) was
initially tested at 205 °C but was adjusted to 220 °C to enhance the degradation rates.
Conducting the experiments at temperatures above this could have been beneficial to
obtain clearer results. 220 °C was, however, the highest setting available on the ovens
in use.

During thermal degradation experiments where more volatile solvents were studied,
the cylinders were placed within a custom-made metal casing, as shown in Figure 3.1.
This was a precaution to safeguard against possible pressure buildup in the cylinders.
After being removed from the oven, the case and the cylinders were not opened before
they had reached room temperature. Usually, they were opened the next day.

Figure 3.1: Custom-made metal casing for metal cylinders during thermal degradation experiments.

The cylinders were cleaned before reuse. This involved initially rinsing them multiple
times with hot water. Then, they were rinsed with acetone until no discoloration of
the acetone was visible and put in an acid bath (0.1 M, H,SO.) overnight. The next
day, they were left in a water bath for a couple of hours and finally rinsed with
deionized (DI) water and left to air dry. A visual inspection of the inside of the
cylinder was done to decide if the cylinders were to be reused.
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3.2 Oxidative Degradation Setup

The setup used for the oxidative degradation experiments in this work consisted of
two identical custom-made semi-open setups. A similar approach to studying
oxidative degradation has been conducted in other works.® The schematics are
presented in Figure 3.2. Glass reactors had a volume of 1.5 L and were filled with
1-1.2 L liquid at the beginning of the experiments. To allow for conducting
experiments with high temperatures (up to 150 °C), the reactors were placed in
electrical heating mantles from ITA with integrated magnetic stirring. A Pyrex® glass
sparger (grade 1) and a condenser were connected to each reactor. The condensers
were cooled to 5 °C by a water bath. None of the components within the reactor were
metallic, ensuring that the solvent was only in contact with metals if it was added to
the solutions.

Three Alicat mass flow controllers (MFC) were used to regulate the pressure of the
three available gasses, oxygen, nitrogen, and carbon dioxide. After the gasses had
been mixed, two MFCs allowed equal gas flows into the two reactors via an empty
gas wash bottle and the sparger. The empty gas wash bottle was added to safeguard
the MFC from backflow from the reactors. A bleed valve after the inlets of the three
pure gases allowed excess gas to be released. The gas in the system was recycled with
a pump (400 L/h) to enhance the contact between the gas and the solvents. Continuous
addition of new gas ensured a relatively constant composition of the gas. A small
fraction of the gas was bled out. This gas flow was passed through different
absorption media, depending on what experiment was being conducted. During the
oxidative degradation of amines, acid washes (1M, H>SO.) were connected to the
outlet. For the oxidative degradation experiments of  glycols,
2,4-dinitrophenylhydrazine (DNPH) cartridges, acid washes (1M, H,SQ.), and/or
base washes (30wt%, monoethanol amine (MEA) aq.) were utilized.

Each experiment was conducted by adding the solutions to the reactors and turning
on stirring, heating and gas flow immediately. These were left on continuously
throughout the experiment. For the experiments with amine solutions, the solutions
were initially loaded with CO, before the experiment started. Sampling was
conducted three times a week, by extracting 2-4 mL from the reaction solutions. All
samples were accurately weighed to keep track of the mass balance.
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Figure 3.2: Schematic overview of the oxidative degradation setup.

The reactors and all glass pieces and tubing connected to the reactors were cleaned
with hot water, acetone, and DI water between each run. When amines had been
studied, discolored glass pieces were also cleaned with sulfuric acid (1M, H2SO4)
before rinsing with DI water. When running experiments without water, the setup was
dried before a new experiment was started. This was done by closing the empty
system, turning on the N, flow and the pumps, and leaving it for 24-48 hours.
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3.3 Titration

In this work, titration was used to quantify alkalinity, heat-stable salts (HSS), and
water. The methodology for each is presented in the following sections.

3.3.1 Total Alkalinity

The total alkalinity (TA) of the samples was measured to quantify the amine
concentration. This was done following a method described by Ma’mun et al.?® This
measurement does not give a quantitative value of a specific amine, but an overall
count of the alkaline compounds in the solution. For analyzed samples from the amine
degradation experiments, this would include alkaline degradation compounds in the
degraded solutions as well as the solvent amine.

To measure TA, 0.2 mL of the sample was added to 50 mL DI water and accurately
weighed. This solution was then titrated with sulfuric acid (1M, H2SO4) on a Metrohm
702 SM Titrino automatic titrator. This was done until the endpoint at about pH 4-5
was reached. Equation 3.1 is used to calculate the concentration of alkaline species
in the sample. Analyzing solutions with known concentrations gave a maximum
deviation of +2%. All samples were analyzed with two parallels, and the results
reported are the average of the two. If the relative standard deviation (RSD) between
the two parallels exceeded 2%, the measurement was redone.

2-C -V
c _ H,S0, ~ V'H,S0, (0.1)

amine m
sample

3.3.2 Heat-Stable Salt

Heat stable salts (HSS) is a collective term used for the amine salts formed between
protonated amines and small organic acids formed through the degradation of the
amine. As the name implies, HSS are stable at elevated temperatures and are not
expected to dissociate in the stripper. This temperature stability is utilized in this
method, as non-heat stable salts, such as carbamates, carbonate, and bicarbonate salts,
can be stripped off at elevated temperatures. This leaves the HSS, which are treated
with a cation-exchanger before titration to determine concentration. The method
performed was based on a method described by Reynolds et al.!® and a method
developed by SINTEF Industry. Though not necessarily considered HSS, the acidic
degradation products formed through the degradation of glycols can also be measured
following this method.
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Before the samples could be analyzed, the ion exchange resin used during the
procedure had to be activated. The resin, Dowex 50W-X8 cation exchange resin
(CAS: 69011-20-7), was activated by stirring two parts resin with one-part
hydrochloric acid (10%, HCI) for 10 minutes. The resin was then allowed to settle
before the acidic supernatant was decanted. The resin was then rinsed until the pH of
the supernatant reached the pH of DI water. This was achieved by multiple repetitions
of adding DI water, stirring, allowing the resin to settle, and decanting the
supernatant.

When the resin has been activated, the HSS analysis could be conducted. Initially,
2 g of the sample was added to 40 mL of activated resin in 40 mL DI water in a
beaker. The sample mass was accurately weighed. The beaker was then covered with
a watch glass or parafilm and heated to 70 °C while stirred continuously. After one
hour, the beaker was removed from the heat, the solution cooled down, and the resin
was allowed to settle. To avoid resin particles in the liquid when separating the
supernatant and the resin, the supernatant was decanted through a frit and into a new
beaker. The resin was then rinsed multiple times until the pH of the supernatant over
the resin reached the pH of the DI water. The rinsing was performed by adding 40 mL
of DI water at a time to the resin, stirring for a couple of minutes, and pouring through
the frit after the resin had settled. All supernatants were collected in the same beaker.
The combined supernatants were then titrated with sodium hydroxide (NaOH) on a
Metrohm 702 SM Titrino automatic titrator. For the degraded amine samples 0.05 M
NaOH was used for the titration. For the degraded glycol samples, however, the titrant
concentration was adjusted to 0.5 M for the samples where the TEG had degraded
more than 50%. The endpoint for the titration was pH 5-6. The concentration of HSS
was calculated using Equation 3.2. All samples were analyzed with two parallels, and
the results reported are the average of the two. Blank samples were analyzed
regularly. If the RSD between two parallels exceeded 5%, the analysis was redone.
Cogs = Viaor *Craom 0.2)
msample
After use, the resin had to be reactivated. This was done by covering the resin with
10% HCI, covering the beaker and heating the solution to 70 °C while stirring
continuously. After one hour, the resin was left to cool and settle. The acid was then
decanted off, and the resin was rinsed multiple times with DI water until the pH
reached the pH of the DI water. The resin should not be allowed to dry out between
use.
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Validation of the method for amine samples has previously been performed by Vanja
Buvik.!* This was done by measuring the HSS concentration of mixtures of MEA
(30wt%, ag.) and known concentrations of formic, acetic, oxalic and/or glycolic acid.
The accuracy of these analyses was +7% or +0.007 mol/kg. To validate the method
for glycol solutions, HSS concentration was measured in mixtures of both MEG and
TEG with the same acids. The lowest accuracy was found to be +8% corresponding
to £0.18 mol/kg.

3.3.3 Karl Fischer Titration

Karl Fischer titration (KFT) is a technique for determining water concentration.*? The
principle behind this method is an oxidation of sulfur with iodine. It is either
considered volumetric or coulometric, depending on what the source of iodine is. For
volumetric KFT, the iodine is added mechanically. In this reaction, water and iodine
are consumed in a 1:1 ratio.

2H,0+S0,+1, — H,S0,+2HI

Adding iodine to the solution, its concentration is measured to assert the amount
needed to react with all the water present. When I, is in access, a quantitative value
of water can be established. For coulometric KFT, the iodine is generated from KI
with an electrode.

The KFT results presented in this work were performed by SINTEF Industry. It was
performed volumetrically on a Mettler Toledo V20. The solvent used was Methanol
Dry (Hydranal®) and the titrant was Composite 5 (Hydranal®). All end samples of the
experiments and pure TEG and MEG were analyzed with KFT. All samples were
analyzed with two parallels. The RSD between the two parallels for degraded samples
was 4%. For the measurements of undegraded TEG and samples with very little
degradation, the water concentrations were close to the limit of quantification (LOQ).
This resulted in RSD between the two parallels as high as 10%. In absolute values,
however, this amounts to +0.004 mol/kg.

3.4 Total Organic Carbon Analyzer

Total Organic Carbon (TOC) analyzer is an analytical instrument which can quantify
different groups of carbon. It has different modes available, so that TOC, total
inorganic carbon (TIC), and total carbon (TC) can be analyzed. During the TIC
analysis, the sample is sparged with phosphoric acid (HsPOs). This converts all
inorganic carbon in the sample to CO, which can be quantified by a non-dispersive
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infrared (NDIR) detector. In the TC analysis, the sample is combusted at 680 °C in
air over a platinum (Pt) catalyst. This converts all carbon in the sample to CO,, which
can be quantified by the NDIR detector. The TOC concentration can be found by
subtracting the amount of TIC from the amount of TC.

The analyses were performed on a Shimadzu TOC-Lcpn analyzer equipped with an
auto sample injector (ASI). The injection volume was 50 pL. The TOC analysis was
calibrated with a TC calibration standard (1000 mg/L) acquired from Sigma-Aldrich
and the TIC analysis was calibrated with sodium bicarbonate (NaHCOs,
CAS: 144-55-8). Amine samples with < 50wt% water was diluted 1:100 MilliPore
water and more concentrated amin samples and glycol samples were diluted 1:10000
with MilliPore water. The calibration range was 0-500 ppm. This was done over three
calibration curves, 0-25 ppm, 25-150 ppm, and 150-500 ppm, which all had
R2> 0.9995. The method was set up so that each sample run had three injections, and
the reported value was the average of these. If the coefficient of variation (CV)
exceeded 1% or the RSD exceeded 2%, new injections were performed. Calibrations
were performed regularly and known standards were run periodically.

3.5 Chromatography

Chromatography is a technique for separating compounds based on their properties.
Compounds in the sample are moved with a mobile phase through a stationary phase.
The compounds are slowed down at different rates in the stationary phase, resulting
in the separation. The separated components can be detected by coupling the
chromatograph with a suitable detection method. In this work, flame ionization
detection, mass spectroscopy, and ultraviolet detection have been utilized. The
following section will present the details of the different chromatographic methods.

3.5.1 Gas Chromatography

In gas chromatography (GC), the mobile phase is a gas. The separation of the analytes
is based on the components' affinity to the stationary phase as well as their volatility.
A prerequisite to analyzing a component with GC is that they are sufficiently volatile
and stable at elevated temperatures. GC coupled with flame ionization detector (FID)
was used to detect and quantify glycols, and GC coupled with a mass
spectrometer (MS) was used to scan degraded glycol samples to identify unknown
degradation compounds.
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3.5.1.1 Gas Chromatography coupled with Flame lonization Detection

Glycols were quantified with a GC coupled with an FID. FID is a common technique
used with GC, where the analytes are combusted in a hydrogen flame and the ions
they form are detected.

The GC-FID measurements in this work were performed on an Agilent 7890A
equipped with a DB-WAX Ultra Inert fused silica column (length 30 m, inner
diameter 0.25mm, film thickness 0.25 pm) was used and the injection volume was
10 pL with a 1:20 split ratio. The following temperature gradient was used to elute
the three glycols: hold at 100 °C for 1 min, increase to 250 °C in increments of
10 °C/min and hold at 250 °C for 4 min. The carrier gas was helium, and methanol
was used to dilute samples to contain <1000 ppm glycol.

Before the analysis of real samples, validation tests were performed with known
amounts of MEG, DEG, and TEG. In addition, solutions with known concentrations
of the three glycols were spiked with compounds possibly present in degraded glycol
solutions. These included water and formic, acetic, glycolic, glyoxylic, and oxalic
acid. None of these influenced the quantification of the glycols. Acetic acid was
visible in the FID spectrum but eluted earlier than any of the glycol peaks. Mixed
standards with known concentrations were run periodically, to ensure valid results.
The accuracy of the method was 3%, and the precision was 1%.

The calibration curves for all three glycols were linear with R? > 0.999. The limit of
detection (LOD) was defined as three times the signal-to-noise ratio (3-S/N) and the
limit of quantification (LOQ) was defined as 10-S/N. The retention times (RT), LOD,
LOQ, and range of the linear calibration curves are presented in Table 3.1.

Table 3.1: RT, LOD, LOQ, and linear calibration range for MEG, DEG and TEG analyzed with
GC-FID.

Chemical RT [s] LOD [ppm]  LOQ [ppm] Linear calibration range

[ppm]
MEG 5.47 1.5 45 5-1000
DEG 8.93 2.0 5.1 5-1000
TEG 12.20 34 47 50-1000
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3.5.1.2 Gas Chromatography coupled with Mass Spectrometry

Degraded glycol samples were scanned with GC-MS to identify unknown
degradation products in the solutions. The full scan electron impact ionization (El)
mass spectra gave possible hits of chemical structures when compared with available
MS Library spectra (NIST MS library). Standards were acquired to positively identify
peaks. Standards for some compounds that could potentially have formed as
biproducts to the formation of other degradation compounds were also tested.

The samples from the experiment were diluted with methanol to 700 ppm. When
running coelutions with standards, the solutions were diluted so the degraded samples
had concentrations of 250 ppm and the standards had concentrations of 70 ppm. The
GC analysis of the samples was performed with an Agilent 7890A gas chromatograph
with an injector ALS 7683B autosampler coupled to an Agilent 5975 single
quadrupole mass spectrometer. Chromatographic separation was performed on a
DB Wax-Ul GC Column (30 m x 0.25 mm inner diameter x 0.25 um film thickness),
keeping the carrier gas flow (helium) at 1 mL/min, and the transfer line and the
injection port temperatures at 250 °C. The injection volume was 1 L in splitless
mode and the solvent delay was set to 5 min.

One short and one extended temperature method was performed. The short method’s
temperature program was as follows: starting at 100 °C for 1 min, followed by a
temperature increase at a rate of 10 °C/min to 250 °C and held for 4 min. The overall
analysis time for one sample with the selected temperature program was 20 min. The
extended method’s temperature program was as follows: starting at 100 °C for 1 min,
followed by a temperature increase at a rate of 10 °C/min to 250 °C and held for
1 min, then temperature increase by 1°C/min to 260 °C, and held for 5 min. The
overall analysis time for one sample with the extended temperature program was
35 min.

The mass detector was operated in full scan mode (from 30 m/z to 550 m/z) using
electron impact ionization (EI) set at 70 eV. The source temperature was set to 230 °C
and the quadrupole to 150 °C.

3.5.2 Liquid Chromatography

In liquid chromatography (LC), the mobile phase is a liquid. The separation of the
analytes is in this case dependent on the analytes’ affinity towards the stationary
phase versus the mobile phase. High-performance liquid chromatography (HPLC)
coupled with ultraviolet (UV) and refractive index (RI) detection was used to quantify
small organic acids in the degraded solution, an ultra-performance (UPLC)-MS scan
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was conducted to identify unknown degradation compounds in degraded glycol
solutions, and HPLC-MS was used to quantify amines and degradation compounds
in amine degradation experiments, and aldehydes, acids, and amines in the absorption
media from glycol degradation experiments.

3.5.2.1 High-Performance Liquid Chromatography coupled with
Ultraviolet and Refractive Index Detector

Small organic acids were analyzed using HPLC-UV/RI. During the setup of the
method, both RI and UV detection was tested. UV was found to be a good choice for
the small organic acids as all of the acids were UV active.

The method was performed on a PL1170-6830 (Agilent HiPlex H) column. Sulfuric
acid (0.05 mol/L, H2SO4) was used as an isocratic eluent with a flow of 0.5 mL/min.
The column temperature was 40 °C and the injection volume was 10 pL. The method
lasted for 20 minutes to allow all acids and potential contaminants that could be stuck
in the column to elute. The acid peaks were all baseline separated in a standard
solution of all acids.

Table 3.2: RT, LOD, LOQ), lower calibration range, and higher calibration range for oxalic acid,
glyoxylic acid, glycolic acid, formic acid, and acetic acid analyzed with HPLC-UV.

L High

Chemical RT [s] [Ig_):))n?] [;Srg] calig\rl\;iiron calill)gra'?iron

range [ppm] range [ppm]
Oxalic acid 9.50 0.67 0.84 2.5-50 50-400
Glyoxylic acid 10.84 19 3.7 10-50 50-400
Glycolic acid 13.45 2.0 4.5 10-50 50-400
Formic acid 15.09 12 13 50-1000 1000-8000
Acetic acid 16.45 5.3 8.3 10-50 50-400

Real samples were diluted in MilliPore water to approximately 50000 ppm of the
sample and filtered through 0.2 pum syringe filters before analysis. Two calibration
curves were used, one for the lower concentration range and one for the higher
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concentration range. Table 3.2 gives RT, LOD, LOQ, lower calibration range, and
higher calibration range for the five acids. The R? was >0.999 in all cases. The
accuracy for the quantification of formic acid and acetic acid was 2%, glycolic acid
was 4%, glyoxylic acid was 8%, and oxalic acid it was 10%. The precision for all
acids was 2%.

3.5.2.2 Liquid Chromatography coupled with Mass Spectrometry

Degraded glycol samples were scanned with UPLC-MS to identify unknown
degradation products in the solutions. The results from the scan were processed with
Progenesis DFS studio software where a library with mol files of possible molecules
of interest was created. The peaks that were tested were based on this library, as well
as the online Chemspider library.

The LC-MS scan was performed using an ACQUITY UPLC | Class® system
connected to a Synapt G2-S Mass spectrometry detector (Waters Corporation,
Milford, USA) with positive electrospray ionization sources (ESI+). 200 ng/mL of
leucine enkephalin was used as a Lockmass at a flow rate of 10 pL/min to allow
correction of exact mass measurements. An Acquity UPLC HSS T3
(2.1 mm x 100 mm, 1.7 pwm) chromatographic column was used for reverse-phase
separation. Instrumental blanks were run before and after every sample to check for
carryover or cross-contamination. A mix of water:methanol (95:5) with 2 mM
ammonium acetate (A) and methanol with 2 mM ammonium acetate (B) was used as
mobile phase. The injection volume was 1 puL and the flow rate was 0.3 mL/min.

The chromatographic gradient used was: initial conditions 100% A; 0.00-1.00 min,
100-80% A; 1.00-6.00 min, 80-55% A; 6.00-13 min, 55-20% A; 13.00-14.00 min,
20-5% A; 14.00-17.00 min, 5% A; 17.00-18.00 min, 5-100% A; 18.00-22.00 min,
100% A. The column temperature was maintained at 35 °C.

The capillary voltage was set at + 2.50 kV (ESI+), the desolvation flow was fixed at
800 L/h with a desolvation temperature set at 350 °C and the cone voltage set at 20 V.
Source Temperature was set to 120 °C. The full scan spectra were acquired within a
range of 50 to 1500 m/z. The UPLC-QTOF-MS data was acquired using Masslynx
V4.1 and processed with Progenesis QI V2.3 (Waters, Milford, USA).

3.5.2.3 Liquid Chromatography coupled with Mass Spectrometry
(External)

Analysis of aldehydes, acids, and nitrogen-containing components was performed by
SINTEF Industry. All analyses were performed on an Agilent Technologies 1290
Infinity with an Agilent Technologies 6495 Triple Quad MS.
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Formaldehyde and acetaldehyde were captured in DNPH cartridges and acid washes
(1M, H2SO,) at the outlet of the oxidative degradation setup. The quantification of
these was performed on an Ascentis® Express C8, 2.7 Micron HPLC column
(53843-U). The ionization technique was electrospray ionization (El). LOQ for both
analytes was 10 ng/mL, and the uncertainty of the method was +3%. Before analysis,
the samples were diluted and derivatized with DNPH.

Formic, glycolic, and acetic acid were captured in base washes (30wt% MEA, ag.) at
the outlet of the oxidative degradation setup. These were analyzed using a Waters
Acquity UPLC HSS T3 column (100A, 1.8um, 2.1 x 150 mm) and EIl. LOQ was
100 ng/mL, 10 ng/mL, and 50 ng/mL for formic, glycolic, and acetic acid,
respectively. The uncertainty of the method was +3% for formic and acetic acid and
+5% for glycolic acid. Sample preparation consisted of dilution and derivatization
with 3-nitrophenylhydrazine (CAS: 100-16-3).

The concentration of MEA in the base washes was analyzed on an Ascentis® Express
Phenyl-Hexyl, 2.7 um HPLC column and EI. LOQ was 1 ng/mL, and the uncertainty
was +3%.

Lastly, the various amine-containing species in the base washed (30wt% MEA, aqg.)
were analyzed on a Discovery® HS F5 HPLC column and with El. Samples were
diluted before analysis, and the uncertainties were +5%.

3.6 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a technique mainly used to
determine the structures of molecules. To be able to study a nucleus with NMR, it
must have a quantum number greater than zero. The result of this is that only some
nuclei can be studied by NMR, the most common ones being proton (*H) and
carbon-13 (:3C).

3.6.1 Qualitative Nuclear Magnetic Resonance Spectroscopy

Qualitative NMR spectroscopy experiments were performed at 26.8 °C on a Bruker
600 MHz Avance 11l HD equipped with a 5 mm cryogenic CP-TCI z-gradient probe.
The lock solvent was deuterated water (D-0), and the internal reference standard was
tri(trimethylsilyl)phosphine (TMSP). These were added to coaxial inserts placed
inside the NMR tubes. The coaxial insert was filled with D>O and TMSP (2wt%),
while the outer NMR tube was filled with the solution to be analyzed. For shift
assignments, H, C, correlation spectroscopy (COSY), heteronuclear
single-quantum correlation spectroscopy (HSQC), and heteronuclear multiple-bond
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correlation spectroscopy (HMBC) NMR spectra were obtained. The spectra were
analyzed in the software Bruker TopSpin 4.0.7.

3.6.2 Quantitative Nuclear Magnetic Resonance Spectroscopy

Quantitative analysis can be conducted both on the 'H NMR and **C NMR. There
can be various reasons for choosing one over the other, but a big difference is the
experiment time. In addition, the 3C experiment is less sensitive than the ‘H
experiment. This is because the *C isotope only has a natural abundance of 1.11%.*
In comparison, the natural abundance of H is 99.98%. In this work, quantitative
13C NMR analyses were conducted. Even with longer experiment times and lower
sensitivity, there is often less overlapping of the different peaks in the *C spectra.
Most of the solutions studied in this work were degraded solutions, meaning solutions
composed of a mixture of unidentified compounds. Less overlapping of the peaks
was therefore emphasized.

When conducting quantitative NMR experiments, the parameters must be chosen
with care to obtain peak area corresponding to the real quantities in the samples. The
first parameter to consider is the recycle delay. This is the time between the end of
the data acquisition of one free induction decay (FID) to the start of the next excitation
and should be at least 5 times the length of the longest spin-lattice relaxation time
(T1) of the carbons in the sample. The T1 was measured through an inversion-recovery
sequence.'® The longest T1 was found to be ~20 s, and the recovery delay time was
therefore set to 120 s for all quantitative **C experiments (6:T1). In addition, to avoid
the recorded FID being cut prematurely, the acquisition (AQ) time might have to be
adjusted. In this work, the AQ was increased to 3 s to avoid cutting off the FID.

The number of scans (also called transients) should be considered. The amount should
be high enough to avoid a high S/N ratio. At the same time, a high number of scans
results in an increase in the already long analysis time for **C. Ways to reduce the
number of scans needed are running the analysis on a strong magnet or having the
samples in high concentrations in the NMR tube. In this work, the samples were
added to the NMR tube undiluted (with added internal reference standard). The lock
solvent, D,0, and the zero reference, TMSP (2wt%), were added to a coaxial insert
which was then placed within the NMR tube with the sample. This allowed the
number of scans to be decreased to 256.

The internal reference standard for the quantification was acetonitrile (AcN,
anhydrous 99.8%). The carbon shifts of AcN (3.7 and 121 ppm) are not in the region
of the glycols or their degradation compounds, and so peak overlapping with the
standard is avoided. As AcN is a small molecule, it is expected to have a long T..2
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As the T1 used to set the recycle delay time was based on the long T: of AcN, this
also assured that all the large degradation compounds would have fully recovered
before the next scan was started. In addition, AcN is expected to be inert in the current
systems. When preparing the samples for analysis, AcN (10 pL) was added to the
solution with a Hamilton syringe model 802 as described by Perinu et al.'* The
weights of the sample and the internal reference standard were accurately registered.
A disadvantage of AcN as a reference standard is that it has high volatility. Due to
this, the preparation and weighing of the samples were done in closed vials with
septum and with syringes.

As for the qualitative NMR, the quantitative NMR was performed at 26.8 °C on a
Bruker 600 MHz Avance 111 HD equipped with a 5 mm cryogenic CP-TCI z-gradient
probe. The NMR spectra were acquired with an inverse gate decoupling acquisition
sequence with a pulse width of 9.58 us (90° pulse angle). The decoupling sequence
was done to minimize the nuclear Overhauser effect (NOE). The spectra were
analyzed in the software Bruker TopSpin 4.0.7.

Validation tests were performed with mixtures of TEG, DEG, and MEG, with known
concentrations. The three glycols were also spiked with components expected to be
in the degraded solutions, such as formic and acetic acid. None of these influenced
the quantification of the glycols noticeably. The accuracy was 2% for TEG, and 5%
for DEG and MEG. The precision was 1% for TEG and 0.5% for DEG and MEG.

3.7 Inductively Coupled Plasma Mass Spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) is a technique for
quantifying various atoms. The ICP atomizes the molecules of the sample, and the
resulting atoms are detected with MS. This is a common technique for quantifying
metals and trace elements.

The experiments were performed externally at the Department of Chemistry, NTNU.
A high-resolution inductively coupled plasma ELEMENT 2 (HR-ICP-MS)
instrument from Thermo Electronics was used. The analysis is verified against
certified reference standards with an RSD < 5%. All samples were diluted 1:100 in
MilliPore water (18.2 mQ) and digested with 2 drops of concentrated nitric acid
(HNO3, 69.6wWt%).
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Chapter 4

A Review of Degradation and Emissions
In Post-Combustion CO2 Capture Pilot
Plants

This chapter contains a literature review of published data from pilot scale testing of
amine solvent for CO; capture. It has been published in the International Journal of
Greenhouse Gas Control in January 2021. The goal of this work was to give an
overview of the various campaigns and present the learnings from these. Overall,
common trends and shortcomings were identified, which can be useful for the future
operation of large-scale amine-based CO. capture plants. In addition,
recommendations for monitoring strategies and a comprehensive overview of
alternatives for analytical methods are presented.

Journal publication

Buvik, Vanja; Hgiszter, Karen K.; Vevelstad, Solrun & 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.
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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 VOC  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 CO2 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:2 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
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30wt% (aq.) ethanolamine (MEA) varied from 0.3 to 3.6 kg tcoz?, showing a
10-fold 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
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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.

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 2.1 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 2.2 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
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lower. Pilot campaigns performed in connection to the cement industry have to deal
with CO- concentrations up to 18vol%. 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
of both TCM and NCCC vary in their concentrations of H,O, CO-, O2, 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 4.8, 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 2.2, 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
S0,/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
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Table 2.1: An overview of the dimensions of the different pilot plants studied and compared in this

review. (Y = yes)

Pilot plant CO, cap. Water/acid Abs. Abs. packed Reference
rate wash diameter  height
[kg h7] [m] [m]
Aioi Works 830 v 085 15 Nakamura et al. (2013, 2014), Okuno et al.
(2017)
Rieder et al. (2017), Mangiaracina et al.
Brindisi 2500 Y 15 22 (2014), Kamijo et al. (2013), Enaasen et al.
(2014)
Thompson et al. (2014), Frimpong et al.
CAER 0.1 MWih 10 01 3.25 (2013), Cousins et al. (2016)
CAER 0.7 MWe Thompson et al. (2017a)
Changchun 100 0.35 8 Feron et al. (2014)
Esbjerg 1000 Y 1.1 17 Knudsen et al. (2009)
Ferrybridge 4167 Y Fitzgerald et al. (2014)
. Rieder et al. (2017), Dhingra et al. (2017),
Heilbronn 300 06 239 Rieder and Unterberger (2013)
Lasziska Y 0.33 8.4 Spietz et al. (2018)
Artanto et al. (2012), Dhingra et al. (2017),
Loy Yang 20 0.2 27 Reynolds et al. (2015a)
Rieder et al. (2017), Dhingra et al. (2017),
Maasvlakte 250 Y 0.65 8 Khakharia et al, (2015)
Mikawa 420 Y 15 Saito et al. (2014, 2015
da Silva et al. (2012), Morton et al. (2013),
MTU 180 Y 04 18 de Koeijer et al. (2011), Bade et al. (2014)
NCCC Various Y 0.64 6 Brown et al. (2017), Gao et al. (2019)
Niederaussem 300 Y Moser et al. (2011a,b)
Tarong 100 0.35 7.14 Cousin et al. (2012)
Gorset et al. (2014), Morken et al. (2017), de
TcM 5200 Y 3.5x2 12-24 Koeijer et al. (2011), Brigman et al. (2014)
Tiller 50 Y 0.2 19.5 Mejdell et al. (2011)
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Table 2.2: A summary of the flue gas sources and compositions at different locations, where post-
combustion CO2 capture campaigns have been performed. SR: SOx removal, NR: NOx removal, PR:

particle removal. Further details on pretreatment can be found in the appendix, Table S1.
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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).

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.
S0,/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 (CaCQs)
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
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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 3.1.

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--
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
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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
qualitative 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).

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).
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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 arelatively 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
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 et al.,
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
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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, methods 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
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 H3O* 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
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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).

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).
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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 um.
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 um 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 (Brostrgm et al., 2020; Goldstein
etal., 2017; Moser et al., 2017; Sun et al., 2012).

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
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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 (Jarvinen 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 Table S3.
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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 4.1) and 10 were campaigns testing proprietary or other amine solvents
(Table 4.2). 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 3.1 for campaigns using 30wt% MEA (aq.) and Table 4.1 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 4.1.

Table 4.1: List of all the 30wt% MEA (aqg.) campaigns studied in this review.

Location Time [h] Remarks Campaign focus References
Assessment  of  different
3 o operation ~ modes  and
38[:2 Ogagrgvgi@nM.FA ?ci?fd conditions. Establish ~ Mangiaracina et al.
Brindisi 550 9 3 paign.. Typicafly, guidelines with relevant data ~ (2014); (Rieder et al.,
1mgmn® of particulate o HSE 4 2017
matter at inlet on  emissions, an )
’ other operability, flexibility
and cost aspects.
Comparison of MEA 30wt% (Thompson et al
CAER 0.1 MWth 100 and the proprietary solvent 2014) P v
CAER B2
Understand the impact on the
Thermal  reclaiming  was solvent of flue gas (Thompson et al,
CAER 0.7 MWe 1316 performed from 880 to 970 constituents and potential  2017a; Thompson et

hours.

higher oxygen content in the
solvent due to secondary air
stripper

al., 2017c; Thompson
etal., 2017d)
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Location Time [h] Remarks Campaign focus References
Performance trials; .
Changchun 1063 comparison with different (Feron et al, 2015;
Feron et al., 2014)
solvent blends.
Demonstrate  the post
combustion
Samples analysed after 500  capture  technology  in
hours. Solvent  partly  conjunction . .
Esbjerg (a) 6000 degraded before start with a coal-fired power Ezr:;ggers ;ta‘iil"zggé; !
(0.5wt% HSS content). 6  station. Comparison with "
ppm S in flue gas. CASTOR 2, additionally
comparing sulphur
accumulation properties.
Samples from 1850 hours .
Esbjerg (b) 3360 (11  weeks) studied in  Test campaign. (dasSilvaetal, 2012)
degradation study.
Benchmarking with MEA,
before  testing of a
proprietary solvent.
. Assessment  of  solvent  (Fitzgerald et al.,
Ferrybridge >600 durability, perform process 2014)
optimisation and to provide
data on plant design and
scale-up.
(Dhingra et al., 2017;
Heilbronn (a) 1600 Campaign in 2011. Benchmarking campaign. Rieder and
Unterberger, 2013)
760 kg MEA added after 952
hours, water added at end,  Establish guidelines with
reducing the MEA  relevant data on emissions, (Bazhenov et al
concentration to ~25wt%. HSE, and other operability, X ”
. " P 2015; Bazhenov et al.,
Heilbronn (b) 1500 Concentrations of  flexibility and cost aspects. .
. . S 2014; Rieder et al.,
degradation products given  ED reclaiming tests 2017)
here are from sampling at  performed offline, with
535 hours. Campaign took  degraded solution.
place in 2013/14.
Longannet, MTU Ca. 4400 Recla!mmg after 3 months, (da Silva et al., 2012)
total time 6 months
MEA pre-used 639 or 700 Performance trials: (Artanto et al., 2012;
Loy Yang 834 hours, for capture of QOz comparison with _different Dhingra et al., 2017;
from a black coal-fired solvent blends Reynolds et al,
power plant (Tarong). . 2015b)
Study corrosion inrelationto  (Dhingra et al., 2017;
Maasvlakte (a) 3500 Reclaimed after 3000 hours solvent degradation and Khakharia et al,

ammonia emissions.

2015a)
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Location

Time [h]

Remarks

Campaign focus

References

Maasvlakte (b)

Niederaussem (a)

Niederaussem (b)

Niederaussem (c)

TCM (a)

TCM (b)

Tiller

890

5000

12 000

13 000

2162

2000

2350

Campaign duration
20.11.13-24.02.14

Reclaimed after 1852 hours

Establish guidelines with
relevant data on emissions,
HSE, and other operability,
flexibility, and cost aspects.

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.

(Rieder et al., 2017)

(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 Silva et al., 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 4.3, 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 4.2: List of all the campaigns using proprietary or other solvents than MEA 30wt% (aqg.) studied
in this review.

Location Time [h] Solvent Remarks Reference(s)

Austin 8m PZ (Nielsen et al., 2013)
CAER 0.1 MWth 185 CAER B2 (Thompson et al., 2014)
Changchun 306 blend 5 (Feron et al., 2014)
Esbjerg 1000 CASTOR 2 Sampling after 500 h, (Knudsen etal., 2009)

stripper pressure 2.0 bar

Ferrybridge >600 RS-2® (Fitzgerald et al., 2014)
Laziska 40wt% AEEA (Spietz et al., 2018)
Mikawa 840 Solvent A Sterically hindered,  (Saito et al., 2014; Saito et al., 2015)

secondary amine

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

TCM 4029 S21 03.10.12-01.04.13, (Gorset et al., 2014)
Reclaiming after 3600 hours

TCM 3507 S26 03.03.14-16.08.14, (Gorset et al., 2014)
Reclaiming after 3300 hours

A summary of reported concentrations of organic acids can be seen in Figure 4.1, 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 4.1
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 4.1 with Table 2.2. 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 S1.
Esbjerg, Heilbronn and Niederaussem all operate with coal as their flue gas sources
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and have an extensive pretreatment setup. TCM also observe relatively low
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

= 16000 B Glycolate

§ 14000 # Oxalate

Z 12000 Other/unknown HSS
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Figure 4.1: Heat stable salt/organic acid concentrations measured in post-combustion CO: 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 4.3. *Mass concentration converted to mass fraction under the
assumption that p=1kg 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 4.1 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
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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 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, HEGly, HEPO, OZD, BHEOX) in MEA-
campaigns are summarised in Table 4.5, 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, HEGIy and HEPO. The average concentrations of both HEGly 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 4.2
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shows that there is no immediate correlation between operation time and the
accumulation of iron in the MEA solvent.

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 4.2: Accumulated concentrations of iron during pilot campaigns using MEA 30wt% (aq.). All
references are given in Table 4.3. *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 4.8) (Knuutila et al., 2014a; Knuutila et al., 2014b). Where
measured, the concentrations of the nitrosamine NDELA is found in Table 4.5. 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-HEGIy 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).



Table 4.3: An overview of the campaigns, which have studied degradation in MEA 30wt% (ag.) and
which degradation product and dissolved inorganic compound concentrations have been reported.
x = identified and quantified, nd = not detected, t= tentative
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(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 Xx X X X X X X X X X X X 2017c; Thompson et
al., 2017d)
(Feron et al., 2015;
Changchun x x X Feron et al., 2014)

. (Dhingra et al., 2017;
Esbjerg (2) 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 X X X Rieder et 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;
Maasviakte () X Khakharia et al., 2015a)
Maasvlakte (b) X (Rieder et al., 2017)
Niederaussem (a) 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 (Moser etal., 2020)

(Gorset et al., 2014;
TCM (3) X xoxox Morken et al., 2014)
TCM (b) X X X X X X X X X X X X X X X 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 4.4: 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 Cr3*, 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 S04 (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 4.5: 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.

£ . x < g

3 S 5 oz 8 & % S Z £ s

o T T T T T o o T z [ 14
CAER 0.7 MWe 4800 1047 <10 1712 (Thompson et al., 2017c)
Esbjerg (b) 590 440 440 7610 2320 (da Silva etal., 2012)
Longannet 8580 160 23 (da Silvaetal., 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 Lt (Morken et al., 2014)
TCM (b) 4963 5062 1826 18922 18788 274 82 181 4.9 62 (Morken et al., 2017)
Tiller 731 721 1758 7295 27691 35.2 8.7 0.536 32.6 (da Silvaetal., 2012)
Average/1000 h 1321 1505 839 4821 6940 672 131 435 1 32
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Table 4.6: 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.

Nitrate Sulphate  Chloride Nickel Sulphur

Campaign (NO3) (S04?) (cn (Ni) ©) Reference

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)

(Rieder and Unterberger,
Heilbronn (a) 150* 370* 10* 180* 2013)

(Bazhenov et al., 2014)

Heilbronn (b) 600* 820* 70*

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)

The reported concentrations of inorganic compounds quantified in the solvent during
pilot campaigns are summarised in Table 4.6 for MEA and Table 4.7 for other amines
and proprietary solvents. Some additional compounds, in addition to those given in
Table 4.3 and Table 4.4, can be found quantified for the campaigns described in da
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% (ag.) 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 4.2. 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
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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.

When comparing the degradation of the proprietary solvents in Table 4.7, 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 (aq.), 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 4.7: 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 [mg kg-lf'(slioo h)] [Fn?;rE;t% SUI[Etge g-?]A-Z) Reference

Austin 8m Pz 5648** 3273 (Nielsen et al., 2013)
CAER 0.1 MWth CAER-B2 22 162 1694 2929 (Thompson et al., 2014)
Changchun Blend 5 4085 215 980 (Feron et al., 2015)
Esbjerg CASTOR-2 4000 (Knudsen et al., 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 4.8: 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)
Austin (SRP) 8m Pz 1350 Formate, - oxalate, ~ acetate, (Nielsen et al., 2013)

Cr¥, Fe?*, Ni%*, Cu?** + more

Formate, glycolate, acetate, Study MEA
S04, NOs, NOz, HEGly, degradation and

0,
IFPEN 30wt% MEA 1700 DEA. OZD, HEF, HEA, HEI. predict degradation (Chahen et al., 2016)
HEPO + more product emissions.
Formate, NOs", HEGIy, DEA, . .
Glgshaugen  30wt% MEA 990 0ZD, HEF, HEPO, HEA. (Knuutila et al.,  2014a;

NDELA Knuutila et al., 2014b)

Study formation and
destruction of
nitrosamines.

0OzZD, HEF, HEPO, HEA,
HEI, NDELA

(Knuutila et al, 2014a;

-0,
Glgshaugen  50wt% DEA 410 Knuutila et 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 pum) as for example particulate matter,
soot, SO, SO3, 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 4.9. 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
were below the detection limit in the water wash water (Khakharia et al., 2014a;
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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 4.9: 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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CAER 0.7 MWe X X X X X (Thompson et al., 2017a; Thompson et al.,
2017d)
Esbier X X X (Khakharia et al., 2014b; Mertens et al., 2012;
el Mertens et al., 2013; Aas and da Silva, 2010)
Ferrybridge X X X (Fitzgerald et al., 2014)
Laziska X X (Spietz et al., 2018)
Maasvlakte X X X X (da Silva et al., 2013; Khakharia et al., 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)
Niederaussem M (Moser et al., 2014; Moser et al., 2013; Moser
etal., 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 4.10, 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
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campaigns. In the pilot campaigns with high MEA emissions, the emissions are
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 4.10, 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 4.10, 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 (ag.) 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 (aq.). 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 4.10: 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. ® Reduced with ACCT™ 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 Solvent amine NH3 TONO Formaldehyde Reference(s)
Mitsubishi [ppm] MEA 14 (Kamijo et al., 2013)
TCM [ppm] MEA <1 20 <8x10°8 (Morken et al., 2014)
Tiller [ppm] MEA <0.4 20 d (Mejdell et al., 2011)
CAER 0.7 MWe* [ppmV] MEA 5-1385 12282 <L0Q 3573 (Thompson et el 2017
Thompson et al., 2017d)
MTU - NCCC [ppmV] MEA 10-50/ O° 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 mn3] MEA 0.020 (Fitzgerald et al., 2014)
Mzt ') MEA  moir 1 G ot
MTU - Longannet* [mg mn¥] MEA <4 50-80 (Graff, 2010)
Laziska [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] TS-1 18/5.6° (Fujita et al., 2013)
(Khakharia et al., 2014b;
Esbjerg [mg mn?] CASTOR/CESAR  0.02-0.7 0.059-1.1  Mertensetal., 2012; Aasand
da Silva, 2010)
MTU - Breivik [mg mn3] 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)
MTU - TCM* [mg mn~] S26 0.09° 0.01° <0.05¢ (Gorset et al., 2014)
NCCC [ppm] Pz <1d 3.1 <0.34¢ (Akinpelumi et al., 2019)
TCM* [mg mn] S21 0.5 3.1 <0.34® (Gorset et al., 2014)
TCM* [mg mn] S26 1.8/0.09° 1.9/0.01° <0.02¢ (Gorset et al., 2014)
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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 H2SO4 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
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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
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., 20144;
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
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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.

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
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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
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.
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Solvent degradation. When reading the summaries of degradation and corrosion
products quantified in Table 4.3 to Table 4.7 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
seen (Morken et al., 2017; Reynolds et al., 2015b) (Figure 4.1). 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 (SO,
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
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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
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
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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 NHs 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
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

96



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
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.
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* 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 NH; by FT-IR with total HSS concentration in the liquid solvent.
However, monitoring of NHjs or the total HSS concentration is not always
the best solution. But for solvents that produce NHs 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.

e 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.

e 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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Table S1: A more detailed summary of the different pretreatment technologies applied at the different
pilot campaign locations.

Location Pretreatment

Austin, Texas SCR, FGD

Brindisi, Italy DeNOx, WESP/ESP/FF, DeSOx

CAER 0.1 MWth, USA WFGD, high-temperature cyclone, knock-out drum
CAER 0.7 MWe, USA WFGD, low NOx, ESP

Changchun, China PR, FGD, SCR, denitrification

Esbjerg, Denmark SCR, deNOx, ESP, FGD

Ferrybridge, UK FGD, in-furnace NOx reduction

Heilbronn, Germany deep SOz 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 PR, caustic wash

TCM, Norway FGD, BD filter

Tiller, Norway water scrubber

Wilsonville, USA particulate filter, SCR, ESP, WFGD
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Table S2: Measured concentrations of total amount of heat stable salts (HSS) and organic acids in post-
combustion COz 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

thatp =1kg L.

Campaign HSS Acetate Formate Glycolate  Oxalate
Niederaussem (a) 200

Niederaussem (b) 2500 530 240
Niederaussem (c) 25 000 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 (0.12 mol kgt 1400 1440 520
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Table S3: Chemical structures of compounds, which have been quantified in pilot campaigns. #Thermal
degradation compounds, °Primary and °Secondary oxidative degradation compounds.

IUPAC name Abbreviation CAS-number Chemical structure

o]
Acetate b 71-50-1 )J\

o

o]
N-(2-Aminoethyl)-N’(2-
hydroxyethl)- AEHEIA no CAS
imidazolidione HO NH,

N,N’-Bis(2-hydroxy-

¢ - -
ethyl)oxamide BHEOX 1871-89-2

I
02
ZT

o
OH
\“J\N/\/
H
0
o}
H OH
Bicine 150-25-4 Ho/\/ H/\/
0

H
Diethanolamine DEA? 109-89-7 /\/N\/\OH
Ethylamine EA® 75047 N

Formate b 71-47-6 'O/\o
o}
b -14-
Glycolate 79-14-1 HOJ'L
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o]
N—(2—H_ydroxyethyl)— HEA® 142-26-7
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HN \/\
OH

2-(2- v
Hydroxyethylamino)- HEEDA® or AEEA 111-41-1 /\/ \/\
ethanol HO NH,
N-(2-Hydroxyethyl)- P as /\/OH

A HEF® 693-06-1 ZZN
formamide o h
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IUPAC name Abbreviation CAS-number Chemical structure
(o]
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HO/\/ OH
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IUPAC name Abbreviation CAS-number Chemical structure

Q
0
Oxalate b 338-70-5 o
o
O,
o]
2-Oxazolidinone 0zD* 497-25-6
NH
HN
Piperazine Pz 110-85-0
NH

120



Chapter 5

The Impact of the Solvent on the Thermal
Stability of Amines

The first part of this chapter contains a paper on the impact of the solvent on the
thermal stability of amines. This has been published in Industrial & Engineering
Chemistry Research journal in October 2022. The paper presents thermal
degradation experiments of various amine solvents where the water is replaced either
by increasing the amine concentration or by introducing an organic diluent as
cosolvent. The effect on the thermal stability of the amine was studied. The second
part of this chapter presents results from a corrosion study conducted on the samples
included in the preceding publication.

5.1 The Impact of the Solvent on the Thermal Stability of Amines

Journal publication:

Hgiseter, Karen K.; Vevelstad, Solrun; Braakhuis, Lucas & Knuutila, Hanna K. The
Impact of the Solvent on the Thermal Stability of Amines. Ind. Eng. Chem. Res., Vol
61, 2022, 16179-16192.
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Abstract

Water-lean solvents have been proposed as a possible alternative to aqueous amine
systems in postcombustion carbon capture. There is however little data available on
how amine degradation is affected by different solvents. This study presents new
insights on the effect of solvent on thermal degradation of alkanolamines from
laboratory-scale degradation experiments. Replacing the water in aqueous
monoethanolamine (MEA) solutions with organic diluents resulted in varying
thermal degradation rates. Overall, all tested organic diluents (triethylene glycol,
diethylene glycol, mono ethylene glycol, tetrahydrofurfuryl alcohol, N-formyl
morpholine/water, and N-methyl-2-pyrrolidone) resulted in higher thermal
degradation rates for loaded MEA. None of the proposed parameters, such as
acid-base behavior, polarity, or relative permittivities, stood out as single contributing
factors for the variation in degradation rates. The typical degradation compounds
observed for an aqueous MEA solvent were also observed for MEA in various
concentrations and with various organic diluents.

Keywords

CO; absorption, thermal degradation, amine solvents, water-lean solvent
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1 Introduction

Greenhouse gas control is a key factor in reducing climate change. For
postcombustion carbon capture, chemical absorption of carbon dioxide in aqueous
amine solvents is a well-established technique and the current industry standard.*
Flue gas containing CO; is brought into contact with an amine in an absorption
column, with which it selectively reacts. Purified gas exits the system, while the
separated CO; is released from the amine upon heating in a desorber column.
Numerous amine systems have been experimentally investigated and maybe the most
well-known systems are 30wt% aqueous monoethanolamine (MEA) and 40wt%
piperazine (PZ)/amino-methyl-propanol (AMP).%*

During the absorption/desorption process of carbon dioxide, the amines undergo
unwanted irreversible reactions. This is due to the harsh environment they are
exposed to in the cyclic system, such as exposure to reactive components in the flue
gas, elevated temperatures, and contact with metals.>® This amine degradation causes
a significant operating expense and is one of the key issues with this technology. The
compounds formed during degradation of the amines cause foaming, increased
viscosity, corrosion of equipment, and fouling.”® Also, emissions of hazardous
degradation compounds and makeup cost for treatment of the old solvent are
challenges for the process.®%1° Therefore, reducing degradation is essential to make
this technology acceptable for large emission industries, such as waste incineration,
cement and steel production, and fossil-fuel-based energy production.!

To achieve this reduction, understanding the process behind the degradation is
essential. Having an improved understanding of the underlying chemistry can help
improve existing solvent systems, and, in addition, help in the development of new
solvent systems. In this work, we will investigate the effect of solvent composition
on thermal degradation. This has been done through a series of lab-scale experiments.
First, we investigated how water in the solvent blends affected the degradation. This
was done through thermal degradation experiments of various amine blends. Water
was removed by changing the concentration of the amine. Thereafter, water was
removed by switching the water with organic diluents. In this way, we could study
the effect of both water and organic diluents on the thermal stability of amines. MEA
was chosen as a reference system, as it is an already well-studied amine, and other
amines were included based on their structure.
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1.1 CO2 Absorption

The chemical absorption of CO; is an acid—base reaction between carbon dioxide and
the amine absorbent. Scheme 1 shows an overview of the reaction pathways for the
formation of CO,-carrying species upon loading an aqueous primary amine solution.
For primary and secondary amines, the acidic CO; can react with two moles of amine
forming an amine carbamate, possibly via a zwitterion, as shown in Scheme 1a.'2*3
The lifetime of this zwitterion is uncertain, but it is expected to be unstable.!*® Da
Silva and Svendsen®® found that the carbamate formation is likely to happen through
a one-step reaction, where the zwitterion is entirely transient, or, if the zwitterion is
formed as an intermediate, is likely to be short-lived. Tertiary amines cannot undergo
this reaction to form carbamates as their three substituents make them unable to
transition from the zwitterion to a stable carbamate.

The reaction between primary, secondary, or tertiary amines and CO, can also lead
to the formation of bicarbonate and carbonate salts if water is present in the system.
This can happen by hydrolysis from the amine carbamate, as shown in Scheme 1b, or
through the formation and deprotonation of carbonic acid, as shown in Scheme 1c.
This last case is the main route for tertiary amines reacting with CO,. Generally, when
an amine reacts with CO,, protonated amines are formed as the counter ions to the
CO,-carrying products.”* Physical absorption also occurs and is favored at high
CO; pressures.

X i
co ® Ml o R-NH @
(@ R-NH, =2, R-N""0 ——2 R-NH, R—HJ\O@
2
H,
(b)
- R-NH,
o o)
R-NH,
o RN Ho)J\oe
co o
2 R-NH
(€) Ho —2» I 2

2 R- ® i
\ﬂ) 2 R-NH;3 @O)J\Oe

Scheme 1: CO2 absorption pathways for primary agqueous amines.
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Which CO,-carrying species are formed is governed by the conditions of the system,
e.g., choice of amine, amine concentration, pH of the solution, etc. A primary amine,
such as MEA in an aqueous solution, would, for example, primarily form MEA
carbamate.l” The formation of carbonate, even though experimentally observed, is
not considered significant for CO, absorption in aqueous MEA.*°

1.2 Thermal Degradation Mechanism

Degradation of the amines is generally categorized as oxidative or thermal, either
with or without the presence of CO.. Little degradation has, however, been observed
in aqueous amine solutions without CO,, even at 200 °C.2° Thermal degradation in
the presence of CO; is dependent on temperature and therefore happens mainly in the
stripper and reboiler. It has been studied experimentally for a long time,?* and a
polymerization reaction has been proposed.?>?* The reaction rate has been found to
increase with higher temperatures, pressures, and higher concentrations of CO,.524%

H
N__O +COp-H*
HO/\/ \( ‘42—’ HO/\/NH2
(on MEA
MEA carbamate
+ozol-co2
-OH T )OL
’ H +CO
N 2 HO— "N 'NH
o HO """ NH, > J
) HEEDA HEIA
O NH
|
0zD +0ZD|-CO,
X
+MEA H *CO2  HOTN° N7\ -NH,
H AEHEIA
TRIMEA
)OJ\ = or isomer
* 0]
HO\/\N N/\/OH A +OZDl'COZ ] )k
MEA-urea HO/\/ J/
Further polymeric
HEAEIA

products

Scheme 2: Overview of proposed carbamate polymerization reaction of MEA at stripper conditions.?’

126



Scheme 2 shows an example of the polymerization reaction for thermal degradation
of MEA. When MEA reacts with CO,, MEA carbamate is formed. The carbamate
polymerization reaction is thought to be initiated by intramolecular cyclization of this
carbamate or its protonated form, carbamic acid. The cyclization reaction results in
the formation of 2-oxazolidone (OZD).?*% This reactive degradation compound is
found only in small concentrations and is thought to be an intermediate product,
reacting with MEA to form other identified degradation products, such as
N-(2-hydroxyethyl)ethylenediamine ~ (HEEDA/AEEA),  1-(2-hydroxyethyl)-2-
imidazolidone  (HEIA), 1,3-bis(2-hydroxyethyl)Jurea (MEA  urea/BHEU),
N-(2-hydroxyethyl)-diethylenetriamine (TRIMEA), etc. The order and by which
mechanisms these are formed is not fully established, and different scenarios have
been proposed.

The formation of OZD is believed to institute further amine degradation through the
carbamate polymerization reaction. Initially, Polderman et al.?? proposed that HEIA
is formed when OZD reacts with MEA. From this, HEEDA was believed to form
when HEIA expelled a CO; molecule. Davis?® has later proposed that HEEDA is
actually formed from OZD reacting with MEA. From experiments performed under
stripper conditions, it was found that very little HEEDA is formed from HEIA,
whereas HEIA is readily formed from HEEDA when exposed to CO,. Degradation
experiments have shown that, after an initial increase, the concentration of HEEDA
has been found to stabilize, indicating that it acts as an intermediate. HEIA has been
found to accumulate over time.?2° This supports the proposed mechanism by Davis.

Similar to HEEDA, MEA urea can also be formed from MEA reacting with OZD.
Which of these degradation product, HEEDA or MEA urea, is formed depends on
where on the OZD structure the ring is cleaved. The formation of HEEDA expels one
CO2 molecule, while for the formation of MEA urea, it is kept intact.

Further polymeric degradation products can be formed from HEEDA and OZD.
Davis?3 found that HEEDA can react with OZD to form TRIMEA, likely following
the same reaction mechanism as that of the formation of HEEDA itself. TRIMEA can
then either react with another OZD, following the same reaction mechanism, to form
further polymeric products or with CO- to form cyclic urea. This intramolecular ring
closure gives rise to two possible degradation products, HEAEIA and AEHEIA.
Since they are constitutional isomers and standards for MS analysis have not been
commercially available, it is unknown which isomer is formed.
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Tertiary amines do not degrade through the same reactions, simply because they do
not form carbamate upon CO; loading. These need a preliminary step of dealkylation
to form a primary or secondary amine before further degradation can occur. Because
of this, tertiary amines are considerably more thermally stable than primary and
secondary amines.?®

1.3 Water-Lean Solvents

Water-lean, hybrid, or mixed solvents are common denominators of solvent systems,
where the water content is reduced. In recent years, water-lean solvents have been
proposed in the literature as an option to reduce the energy consumption for solvent
regeneration.®>3! In utilizing these solvents, the objective is to keep the high
efficiency of aqueous alkanolamines but reduce unwanted properties.3? Amongst
others, this includes the high energy cost of the vaporization of the cosolvent, which
for agueous amine systems is the water.

The term water-lean solvent covers a broad array of solvents. In some cases, the
amine concentration in agueous amine blends is simply increased, thereby replacing
the water with an amine. Some proposed solvents have water replaced in parts or in
total by an organic diluent. In other cases, chemical classes with more complex
binding mechanisms are proposed. In total, a considerable amount of solvent mixtures
have been tested, ranging from blends with the typical organic cosolvents to the more
advanced CO, binding organic liquids, known as CO,BOLs.*%3240 Among these,
there are some very promising solvents being tested at a pilot scale, such as RTI
international’s NAS, ION’s advanced solvent, GE Global Research’s GAP-TEG
solvent system, and PNNL’s EEMPA solvent.*1** These are examples of water-lean
solvents systems where the positive traits of water-lean solvents have been
maintained, while lower degradation compared to the standard aqueous MEA has
been achieved. Thus, these solvents are providing a possible interesting future for
CO; capture. Still, even though many water-lean solvent systems have been proposed
and studied, there is still little data published on how the changes in composition of
the solvent influence the degradation of the amines.*°

2 Materials and Methods
2.1 Experimental Procedure

The chemicals used for this study are listed in Table 1. The effect of solvent on the
thermal stability of amines was studied in the presence of CO.. This has been done
through four series of experiments. An overview of the experiments is given in
Table 2.
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Table 1: Details on the chemicals used in this study.

Chemical Abbr. Structure CAS Purity
m:ze:ha”o" MEA Ho - NH2 141-43-5  >99%
nggfimlene TEG HO O OH 112276 99%
;)I';ézﬂe"e DEG Ho™ O~ 0n 111-46-6  >99%
gEIt;é’;fﬂe MEG Ho~-OH 107-21-1  >99%
Tetrahydro- o
furfuryl THFA (_7/\OH 97-99-4 > 98%
alcohol 2
0
gy?ffﬁréﬁ'nia NMP N 872-50-4  >99%
o)
moig;]rg?:;e . NFM ﬁNJ\H 4394-85-8 99%
o
00
Sulfolane ® ™S C ; 126-33-0 99%
Poly(ethylene
glycol)di- Selexol Mo O 0onH 24991-55-7 My ~250
n

methy| ether @
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Propylene
carbonate @

3-Amino-
propanol 2

2-(Methyl-
amino)-
ethanol ®

2-(Ethyl-
amino)-
ethanol 2

2-Dimethyl-
aminoethanol @

2-(Diethyl-
amino)-
ethanol 2

3-Dimethyl-
amino-1-
propanol @

Carbon
dioxide ®

PC

AP

MMEA

EAE

DMMEA

DEEA

DMPA

CO;

OH
\N/\/

/\N/\/OH

/\N/\/\OH

108-32-7

156-87-6

109-83-1

110-73-6

108-01-0

100-37-8

3179-63-3

124-38-9

Anhydrous
,99.7%

99%

>98%

>98%

>99.5%

>99.5%

99%

99.9%

2 Purchased from Sigma-Aldrich Norway AS/Merck Life Sciences.
b Purchased from AGA AB.

Variations in MEA and CO; Concentrations. Solutions with different ratios of
MEA and deionized water were prepared. Three different sets of solutions were made
by changing different parameters: (1) Solutions where the MEA concentration was
kept constant (11mol%, 7 nmea Kgrzo™) and the loading was varied, (2) solutions
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where the MEA concentrations were varied, and the absolute CO, concentration was
kept constant (0.19 mol CO, per 100 g unloaded solution), and (3) solutions where
the MEA concentrations were varied while the loading was kept constant
(0.1 mol CO; per mol MEA).

MEA in Varying Ratios of Triethylene Glycol (TEG) and Water. Solutions of
5 nmea Kgrzo+tec™ in varying ratios of TEG and deionized water were prepared. The
ratios of TEG and water ranged from 0—100%. All of the solutions were loaded to
0.5 mol CO; per mol MEA.

Other Amines in TEG and Water. Various amines were prepared in solutions
(5 nmea kgrzo+tec™) with both pure deionized water and with 50mol% TEG in water.
The amines studied were the primary amines MEA and AP, the secondary amines
MMEA and EAE, and the tertiary amines DMMEA, DEEA, and DMPA.. Solutions
of primary and secondary amines were loaded to 0.5 mol CO; per mol amine, while
solutions of tertiary amines were loaded to 0.3 mol CO; per mol amine. The loading
of 0.3 for the tertiary amines was chosen because it was not possible to reach loadings
of 0.5 in solutions containing TEG.

MEA in Various Organic Solvents. Solutions of 43mol% MEA in various organic
solvents were prepared. MEA (43mol%) was chosen as this corresponds with the
MEA concentration of the solution already studied for MEA in pure TEG. A wide
array of diluents proposed as candidates for water-lean applications was tested.>’ The
organic solvents chosen were monoethylene glycol (MEG), diethylene glycol (DEG),
N-methyl-2-pyrrolidone (NMP), tetrahydrofurfuryl alcohol (THFA),
N-formylmorpholine (NFM), sulfolane (TMS), poly(ethylene glycol) dimethyl ether
(Selexol), and propylene carbonate (PC). However, both TMS and Selexol formed
two phases upon loading, and MEA in PC could not be loaded above 0.1 mol CO;
per mol MEA. MEA in pure NFM also resulted in phase separation, but here, the
addition of water gave one phase. Therefore, a sample of MEA in 20mol% NFM in
water was run. In conclusion, the solvents that were tested in thermal degradation
experiments with MEA were monethylene glycol (MEG), diethylene glycol (DEG),
triethylene  glycol (TEG), tetrahydrofurfuryl alcohol (THFA), and
N-methyl-2-pyrrolidone  (NMP), as well as a mixture of 20mol%
N-formylmorpholine (NFM) in water. All solutions were loaded to 0.5 mol CO, per
mol MEA.
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Table 2: Overview of thermal degradation experiments.

Organic solvent

Amine  Amine concentration ["oading . Clrgle concentration
[mol CO2/mol amine] solvent
[mol%]
Variations of loaded MEA
11mol% 0.1,0.2,0.3,0.4 - -
MEA 8-100mol% 0.1-05¢% - -
11-73mol% 0.1 - -
MEA in TEG and water
MEA Pr—— 05 TEG 0-100
H,0 +TEG
Various amines in TEG and water
AP
MMEA 0.5
EAE nMEA
DMMEA kgH,0 + TEG TEG 0,50
DEEA 0.3
DMPA
MEA in various organic solvents
MEG
DEG
TEG 100
MEA 43mol% 0.5
THFA
NMP
NFM 20

2 The loadings were chosen to obtain a constant absolute amount of CO2 (0.19 mol

COz per 100 g unloaded solution) with the varying MEA concentration.

All solutions were made and loaded gravimetrically in batches, and loading was
achieved by sparging CO, gas into the solutions. Both loading and amine
concentration were checked with amine titration and total inorganic carbon (TIC)
analysis, respectively. All solutions were initially slightly overloaded to allow
correction of the concentrations by adding the fresh solvent to the batch before the
experiments were run.

Thermal degradation of the solutions was conducted in 10 cm long 316 stainless steel
cylinders, with an outer diameter of 1.3 cm and thickness of 0.1 cm and equipped
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with Swagelok end caps. For each solution, the same batch was loaded into a set of
10 cylinders, giving five data points over time and two parallels. The average relative
standard deviation between the parallels was 0.49%. Within this, there were three
parallels with a distinctly higher relative standard deviation of 2.0—3.5%. These are
given in Supporting Information Table S1. For all series, the solution (8 mL) was
loaded directly into the cylinders. The cylinders were closely sealed and placed in a
forced convection oven at 135 °C. This temperature was chosen as it is the
temperature frequently reported in other studies, which allows for comparison of
degradation data with these publications.?*%45%% For all series with primary and
secondary amines, cylinders were extracted once a week, while for the series of
tertiary amines, cylinders were extracted over a longer period. This was to ensure
enough degradation from the more stable tertiary amines.

Metal cylinders opened for sampling were not returned for further degradation. All
cylinders were weighed before and after the experiment to detect possible leakages.
Leakages were detected in 7 of the 275 cylinders. An overview of the cylinder
leakages is given in Supporting Information Table S2. For these solutions, the results
reported are from only one parallel.

A selection of the solvent blends was also introduced into glass tubes (4 mL), which
were then placed into new sets of cylinders. The glass tubes were used to prevent
contact between the solvent and the metal walls of the cylinders. There was no
significant difference in degradation rate for the experiments done with the solutions
in direct contact with the cylinder compared to the ones with inserted glass walls —
see comparison in Supporting Information Figure S1. Quantitatively and
qualitatively, the formed degradation products were also the same in both cases — see
comparison in Supporting Information Figure S2. This indicates that the degradation
mechanisms are not influenced by the metal concentration in the solutions. This is in
line with the literature.*

2.2 Analytical methods

Total alkalinity of the samples was found through amine titration with H.SO4.%° Total
inorganic carbon (TIC) measurements were used to determine the amount of CO; in
the samples. For this, a Shimadzu TOCLCPH in TIC mode was used. Combining TIC
results with the titration allowed us to monitor the loading of the solutions.
Quantitative analyses of MEA and a selection of thermal degradation products by
Liquid chromatography coupled with mass spectroscopy (LC-MSMS) were
performed by SINTEF Industry on a UHPLC Agilent 1290 Infinity System with an
Agilent 6490 triple quadrupole detector. For analyte separation, both Ascentis
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Express Phenyl-Hexyl 2.7 um HPLC column and a Discovery HS F5 HPLC column
from Sigma-Aldrich Co. LLC were used.

The NMR experiments were performed at 26.8 °C on a Bruker 600 MHz Avance |11
HD equipped with a 5 mm cryogenic CP-TCI z-gradient probe. The obtained spectra
were analyzed in the software Bruker TopSpin 4.0.7. Deuterated water was used as
the “lock” solvent and TMSP (Tris(trimethylsilyl)phosphine) was used as an internal
reference standard. The solution to be analyzed was placed in an NMR tube, and the
“lock” solvent was placed in an inserted coaxial insert.

3 Results and Discussion

Our focus in this paper is to investigate what effect water and the solvent composition
have on thermal degradation of amines. This has been done through four series of
thermal degradation experiments. Results from the variations of loaded aqueous
MEA will be presented in Section 3.1. In Section 3.2, results from both the series of
MEA in different ratios of TEG and water and the series of various other amines in
TEG and water will be presented. The last of the series will be presented in
Section 3.3 and covers thermal degradation results of MEA in various organic
solvents. The thermal degradation products found in the different series will be
presented in Section 3.4.

The degradation trends of the solvent amine presented in this section will be derived
from titration results. The titration results show the solvent’s basicity, and since some
degradation products are basic, the titration results will somewhat overpredict the
actual concentration of the starting amine (e.g., MEA). However, even though
titration measurements are not as accurate as other analytical methods, such as the
LC-MS analysis, more data points are available due to the simplicity of the method.
As the trends coincide well with the more accurate LC-MS results, titration data will
be used when presenting the degradation trends. See the Supporting Information,
Figure S3, for a comparison of titration and LC-MS data. All thermal degradation
data presented in this section will be given as figures. Data for these and associated
analyses will be provided in Supporting Information Tables S3—S11.

3.1 Variations of Loaded MEA

In the first series of experiments, our focus was on studying the effect of solvent
composition in aqueous amine solutions. To achieve this, three variations on loaded
aqueous MEA were studied. The three groups were solutions, where (1) the MEA
concentration was kept constant and the loading was varied, (2) the MEA
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concentration was varied and the absolute CO, concentration was kept constant, and
(3) the MEA concentration was varied while the loading was kept constant.

The first series of aqueous MEA were solutions of 11mol% MEA (30wt%) with
increasing loadings (o = 0.1, 0.2, 0.3, and 0.4). Figure 1 shows the titration results
from this experiment plotted together with LC-MS data from thermal degradation
experiments performed under the same conditions by Davis and Rochelle.?
Da Silva et al.* have also reported data showing the same trends but with distinctly
higher degradation rates. The results show that thermal degradation increases with
increased loading in all cases.

100%
95%
90%
85%
80%
75%
70%
65%
60% T T T T

Relative amount of amine left

Weeks

o— o =0.1 (This work) O— a=0.2 (This work)

o— o= 0.3 (This work) —<0— o= 0.4 (This work)

x-- g =0.2 (Davis, 2009) --%-- o =0.4 (Davis, 2009)
--%-- o= 0.5 (Davis, 2009)

Figure 1: Effect of CO2 loading (o) on the thermal degradation of MEA (11mol%, 135 °C). Data points
from Davis and Rochelle?* represent purely MEA left in the solutions as LC-MS was used for analysis.

The second series of solutions consisted of increasing ratios of MEA in deuterated
water, ranging from 8—100mol% MEA before loading. All solutions were loaded with
0.19 mol CO; per 100 g unloaded solution, corresponding to the amount needed to
load the 8mol% solution to 0.5 mol CO, per mol MEA. This means that while the
loading decreases with the increase in MEA concentration, the concentration of CO,
is the same for all solutions. Figure 2 shows the resulting amine loss and indicates
that all solutions degrade at approximately the same rate. The absolute amine loss for
all of the solutions lies within 0.81—1.14 mol/kg and is not following any trend. It,
therefore, appears that the thermal degradation rates are closely tied to the absolute
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amount of CO,. This is in line with literature findings.** From these results, and those
from the previous experiment, it also appears that the thermal degradation rates do
not seem to be affected much by MEA or water concentration.

16£: .......................

Amine concentration [mol/kg]

~~~~~~~ e 8mol% MEA e 11mol% MEA
~~~~~~~ +- 23mol% MEA e 41MOI% MEA
~~~~~~~ & 73mol% MEA ~-m--100mol% MEA

Figure 2: Effect of MEA start concentration on the thermal degradation of loaded MEA (0.19 mol
C02/100 g unloaded solution, 135 °C).
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Amine loss [mol/kg]

—o— 11mol% MEA ----a--- 23mol% MEA
—-0—-41mol% MEA --a---73mol% MEA

Figure 3: Effect of change in amine concentration on thermal degradation of loaded MEA
(a=0.1, 135°C).
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The third series of aqueous loaded MEA was solutions of increasing amounts of MEA
with loadings of 0.1. This loading was chosen to avoid high pressures in the cylinders
at high MEA concentrations, unfortunately at the expense of higher degradation rates.
The results shown in Figure 3 are as expected. With higher MEA concentrations and,
therefore, higher CO; concentrations, the amine loss was bigger.

From these three experiments, it seems like mainly the CO. concentration is
accountable for the rate of thermal degradation. However, the change in loading
should not necessarily be seen simply as changes in CO, concentration in the different
solutions. As presented in Section 1.1, changes in the loading and/or solvent
composition will change which CO»-carrying species are being formed and in what
guantities. Therefore, we plotted the equilibrium speciation of loaded predicted
speciation for different loadings of 11mol% aqueous MEA at 135 °C. As expected
for a primary aqueous amine, MEA carbamate is the predominant COj-carrying
species formed upon loading. At low loadings, carbamate is almost exclusively
forming, while as the loading increases, some fractions of CO; in the solutions form
bicarbonate. Protonated MEA is formed as the counterion for both carbamate and
bicarbonate and therefore increases steadily with the increase in loading.

—— MEA

— — MEAH"
—4 ——— e
] MEACOO
)
E3
=}
.S
g
EZ
(9]
Q
[=]
o
©1

Loading [mol CO2/mol MEA]

Figure 4: Speciation upon loading of 11mol% aqueous MEA. (Speciation given by ENRTL-RK model
in Aspen Plus V10, 135 °C)

MEA carbamate is thought to play a prominent role in the initial carbamate
polymerization reaction.?’ In Figure 1, it was seen from the experiment that increased
loading resulted in increased thermal degradation. The degradation rate for the
solution loaded to 0.5 is distinctly higher than that for the solution loaded to 0.4. At
the same time, Figure 4 shows that the MEA carbamate concentration at loadings 0.4
and 0.5 is quite similar, indicating that the MEA carbamate concentration alone is not
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accountable for the reaction rate during thermal degradation. The degradation rates
correlate to the total amount of CO- present, seemingly regardless of in which form,
and thereby also to the concentration of protonated MEA. Regarding identifying a
rate-limiting component, both total CO, concentration and protonated MEA
concentration are viable possibilities.

Next, we look at the speciation of the solutions with increasing MEA concentration
and constant absolute CO. concentration. Figure 5 shows the predicted speciation of
the CO»-carrying species in these solution compositions at 135 °C. Here, we see that
at higher mole percentages of MEA, mainly the formation of carbamate and
protonated MEA is expected. At the lower percentages, i.e., with the presence of more
water, increasing amounts of bicarbonate take the place of carbamate. The thermal
degradation results of these solutions, as presented in Figure 2, showed that the
solutions with low MEA concentrations (e.g., 8mol%) degrade at the same rate as
solutions with high MEA concentrations (e.g., 73mol%). Seeing these results in
context with the predicted speciation of the system, the concentration of carbamate
and bicarbonate is predicted to be approximately the same at 8mol% MEA, while it
is predicted to only form carbamate at 73mol% MEA. Again, the MEA carbamate
concentration alone does not seem to influence the degradation. Also, both the
concentration of protonated MEA and the total concentration of CO.-carrying species
correlate better with the observed degradation rates. In the end, the correlations found
from these results do not allow us to determine one species that governs the
degradation rates. However, investigation of the impact of these species could be an
interesting aspect for future work.

From these thermal degradation results of aqueous MEA solutions, it seems like the
concentration of CO; in the solutions affects the degradation rates, while the
concentration of water does not. To investigate this further, we then looked more
closely for any effect of removing water. In the previous experiments, this was done
by changing the ratios of MEA and water. Now, we wanted to look at the effect of
replacing water with an organic solvent.
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Figure 5: Speciation at increasing concentrations of MEA (Speciation given by ENRTL-RK model in
Aspen Plus V10, 135 °C, [CO2] = 1,9 mol/kg).

3.2 MEA and Other Amines in Various Ratios of TEG and Water

While switching water to an organic diluent allowed us to study the effect of the
water, it also gave an insight into the stability of amines in nonaqueous and water-lean
systems. Triethylene glycol (TEG) was chosen as the organic diluent in the first
experiments because it was expected to be inert and stable under the given conditions.
The effect of removing water was studied by comparing results for an aqueous
solution with results for solutions, where increasing amounts of water were replaced
with TEG.

Solvent blends with 5 nuea Kgnzo+tec ™ loaded to 0.5 mol CO, per mol MEA were
prepared in TEG and deuterated water solutions ranging from 0—100mol% TEG.
Figure 6 shows that higher ratios of TEG in the solvents resulted in increased thermal
degradation rates of MEA.

Trying to explain the reduced stability in the organic diluent, we started by looking
into the thermal stability of TEG itself. The idea behind this was that if TEG thermally
degrades, compounds that are formed from this might enhance the degradation of
MEA. This would explain the degradation rates observed. A thermal degradation
experiment of pure TEG was therefore conducted with the same conditions that were
used for the mixed solvent. After five weeks, a sample of the degraded TEG was
analyzed using NMR spectroscopy. A comparison with a sample of pure, undegraded
TEG showed that TEG had undergone virtually no thermal degradation. This
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explanation can then be ruled out. The comparison of the two NMR spectra is given
in Supporting Information Figure S4.
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Figure 6: Effect of increasing ratios of TEG in water on thermal degradation of MEA
(5 nmea kgrzo+teG L, @=0.5, 135 °C).

Looking into other possibilities for the increase in degradation with increased ratios
of TEG, we then considered if the presence of TEG leads to the emergence of other
degradation pathways. An indicator of this might be the presence of other degradation
products than the ones expected through the carbamate polymerization reaction of
aqueous MEA. We, therefore, analyzed for these degradation products to see if they
would account for the amount of MEA lost during the degradation. Using LC-MS to
search for the known thermal degradation products of MEA, 2-oxazolidone (OZD,
CAS: 497-25-6), 1,3-bis(2-hydroxyethyl)urea (MEA urea, CAS:. 15438-70-7),
N-(2-hydroxyethyl)ethylenediamine (HEEDA, CAS: 111-41-1), and
3-(2-hydroxyethyl)-1,3-oxazolidin-2-one (HEIA, CAS: 3356-88-5) were observed.
Results can be found in Section 3.4. The formation of further polymerized
degradation products, e.g., tri-HEIA, was not explored, as an analytical method for
this was not available. Moles of unknown degradation products, in relation to the
amine loss in the solutions, were slightly higher in the solutions with TEG than the
ones from the aqueous solution (8mol% MEA). Thus, these results do not clearly
indicate that other degradation pathways are present. It is, however, clear that aqueous
MEA solutions and MEA solutions with organic solvents, such as TEG, form many
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of the same degradation compounds. More details on the thermal degradation
products formed in these experiments will be presented in Section 3.4.

In the case of the increasing degradation rates for solutions with TEG, we will lastly
touch shortly upon two other possible explanations: first, the ratios between the
COs-carrying species can be affected by the solvent change and, second, the solvent
properties of the organic diluent have other effects on the species involved in the
degradation mechanism.

As already stated in earlier discussions, the main CO-carrying products in aqueous
MEA loaded to 0.5 are MEA carbamate and bicarbonate, both paired with protonated
MEA. This is what we expect to be formed with the presence of water. Bicarbonate
needs the presence of water to be formed. Removing water from the system, therefore,
changes the speciation of the loaded solutions. Also, TEG is known to form
alkylcarbonate in the presence of CO,.%% These are, however, not expected to form in
significant amounts if carbamate can be formed. Unfortunately, we do not have a
model for the speciation under these conditions to investigate this further.

The other effect of changing the solvent might be how well it stabilizes the different
compounds involved in the carbamate polymerization reaction. Water is highly polar
and is an excellent solvent for stabilizing ions. When switching to TEG, the ionic
species, carbamate, and protonated MEA become less stabilized. The equilibrium
between the ionic form and nonionic form of carbamate and protonated MEA might
then be shifted toward the nonionic form. This results in higher concentrations of
carbamic acid. If this protonation step is necessary for the reaction to form OZD, then
this might be an explanation to why degradation rates are enhanced. Overall, it
becomes clear from this that further studies are needed to explain the change in
stability.

We also tested the thermal stability of some primary, secondary, and tertiary amines
in solutions with 50mol% TEG in water. As presented in Section 1.2, primary and
secondary amines that form carbamate are believed to degrade through the same
mechanism as MEA. From the thermal degradation study done for AP, MMEA, and
EAE in TEG (5, a = 0.5), shown in Figure 7 and Figure 8, we saw loss in stability
when water was replaced with TEG. This indicates that the trends seen for MEA are
also expected for other primary and secondary amines. Tertiary amines do not form
carbamate and therefore have a high thermal stability. Thermal degradation of
DMMEA, DEEA, and DMPA in TEG (5 Namine Kgnz0+1e6 %, 0. = 0.3) did not show any
noticeable effect on the stability compared to aqueous solutions. The results from the

141



thermal degradation experiments of the tertiary amines are presented in
Supporting Information, Figures S5-S7.
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Figure 7: Effect of addition of TEG on thermal stability of primary amines MEA and AP
(5 Namine kKgr20+TEG, 00 = 0.5, 135 °C).
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Figure 8: Effect of addition of TEG on thermal stability of secondary amines MMEA and EAE
(5 Namine KgH20+TEG, @@ = 0.5, 135 °C).

142



3.3 MEA in Various Organic Solvents

Seeing how the degradation of the amines increased when using TEG as the diluent,
we then expanded our study of the effect of the solvent on thermal degradation by
including other organic diluents. In this series of experiments, solutions of 43mol%
MEA in different organic diluents (DEG, MEG, THFA, NFM/water, and NMP,
shown in Figure 9) were prepared and loaded to 0.5 mol CO; per mol MEA. The
degradation trends for all of the tested solutions are shown in Figure 10. All of the
organic diluents increased the degradation rates of MEA compared to pure water.

(e}
HO/\/O\/\O/\/OH HO™ >""~""0H HO/\/OH
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X i
O N H
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Figure 9: Structure of organic diluents.
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Figure 10: Overview of thermal degradation of loaded MEA in various organic diluents.
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The same reasoning as to why MEA degrades more in TEG than in water might apply
to the other organic solvents as well. The difference in the degradation rates between
the different diluents, however, is harder to explain. The organic diluents were
selected based on what solvents were proposed as possible water-lean diluents in the
literature, not their chemical properties. From the chosen collection, however, it is
still possible to investigate the possible effect of some parameters such as acid—base
behavior, polarity, and relative permittivities.

The acid—base behavior of the solvents is described by their autoprotolysis constants,
pKs, also called pKauo. The pKs denote a solvent’s ability to self-ionize. Small values
indicate that the solvent can easily donate a proton, and vice-versa.5>%® We only
managed to find the pKs values of water, MEG, and NMP, as presented in Table 3.
NMP is considered an aprotic solvent, as it does not hold a proton attached to a
heteroatom. Autoionization is therefore quite disfavored, which is denoted by the
exceptionally large pK value of this solvent. From the pK values found and the
thermal degradation rates of MEA in these three solvents, there does not seem to be
a correlation. Though water and MEA have similar pK values, the degradation rate
of MEA in MEG is considerably higher than that of MEA in water. The degradation
rate of MEA in NMP, however, is closer to that of MEA in MEG, even with their
distinctly different pKs.

The polarity parameter was touched upon in the previous section, and as stated there,
water is more polar than TEG. The relative polarity of the solvents is presented in
Table 3. Though this could seem promising as a way of explaining the decreased
stability of the amine in TEG, it falls short when including the other organic solvents,
e.g., MEG. MEG has a higher polarity than TEG, so by that reasoning, MEA should
be more stable in this solvent. As seen from Figure 10, however, MEA in MEG has
the highest degradation rate of the solvents tested.

The relative permittivity of a solvent is given by its dielectric constant, . This value
represents the solvent’s ability to separate charges and orient its dipoles. It has been
found to influence the ability a solvent has to stabilize charged species.5®%7 The
dielectric constants for the studied solvents are presented in Table 3. There is again a
mismatch between the investigated parameter and the observed thermal degradation
rates. Suppose that a high dielectric constant allows the solvent to stabilize the MEA
carbamate, thereby disfavoring the ring formation of OZD (see Section 1.2). The high
dielectric constant of water is in line with this. The problem with this explanation
arises when taking the glycols into account. MEA has a higher dielectric constant
than DEG and TEG. However, it results in the highest degradation rate of MEA of
the solvents studied.
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Table 3: Solvent properties of pure solvents; autoprotolysis constant (pKs), relative polarity (E¥) and
dielectric constant (er).

Solventname  pKs [-lg(Ks;/mol? x L™?)] EN[]1®  &[]®

Water 142 1 78.36
MEG 15.84 2 0.79 37.70
DEG - 0.713 31.69 (20 °C)
TEG - 0.682 23.69 (20 °C)
NMP >24.2° 0.355 32.2
NFM - - -
THFA - - -
ab53,b54

None of the highlighted parameters give a satisfactory explanation for the degradation
trends observed. The explanation thus might be a combination of different effects and
might be specific to each solvent. As a final note, one can speculate if the reason for
why MEA degrades faster in organic diluents than in water is an effect of the initial
degradation reaction, the cyclization reaction forming OZD (see Section 1.2). In this
reaction, a water molecule is expelled. This means that the formation of OZD should
be more prone to happen in systems with lower water content. As OZD is considered
the starting intermediate for the carbamate polymerization reaction, this increased
formation rate would naturally lead to increased degradation rates for the system. The
differences between the different organic diluents, however, is not explained by this.

Even though this study cannot give any exact mechanistic reasons for the increased
degradation of the tested alkanolamines when water is replaced with the selected
diluents, it does show why the degradation of water-lean solvents should be assessed
in the early stage of solvent development work. It should also be remembered that
most of the data in this work is on MEA-based water-learn solvent systems. Varying
the amine (including the use of secondary and tertiary amines) would allow
development of water-lean solvent systems with significantly lower degradation
compared to aqueous 30wt% MEA.

3.4 Degradation Product Formation

Lastly, we will present the thermal degradation products in the solutions containing
MEA. The degradation products included are OZD, HEEDA, HEIA, and MEA urea.
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The other possible degradation products formed during thermal degradation of MEA
shown in Scheme 2 were not analyzed as an analytical method was not available.

Figure 11 shows the thermal degradation products formed in solutions with varying
ratios of loaded MEA in water (0.19 mol CO; per 100 g unloaded solution) after five
weeks. All solutions have the same absolute amount of CO,. The most drastic change
when increasing the amine concentration is the steep increase in HEEDA. This can
simply be because of the increasingly excessive amounts of MEA. OZD can thus
readily react with MEA to form HEEDA. The high concentration of MEA also results
in a shortage of free CO; available. This can explain the decrease in HEIA, as it is
expected to form through the cyclization of the carbamate of HEEDA. The amount
of MEA urea formed also increases with increasing concentrations of MEA, which
can be attributed to the ready availability of MEA.
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Figure 11: Thermal degradation products formed in solutions with increased concentrations of loaded
MEA (0.19 mol COz2 per 100 g unloaded solution) after 5 weeks.

Thermal degradation products formed after 4 weeks in aqueous solutions of MEA
with different loadings are shown in Figure 12. The increase in loading resulted in a
considerable increase in the formation of HEIA and a slight increase in the formation
of HEEDA. HEIA formation is expected to be dependent on the amount of CO;
available to form the carbamate of HEEDA. The increase in HEEDA can therefore
be seen as a result of the increase in CO, concentration. This is in line with the results
in Section 3.1, showing that increased loading resulted in increased thermal
degradation.
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Figure 12: Thermal degradation products formed in solutions of loaded aqueous MEA (30wt%) with
increasing loading after 4 weeks.

Agqueous MEA solutions with increasing amounts of MEA, all loaded to 0.1, gave
thermal degradation products as presented in Figure 13. As the ratio between MEA
and CO; is kept constant, the results shown here are the effect of reducing the water
content. The overall degradation rates (Figure 3) showed that the increased MEA
concentration resulted in increased degradation. The increase in formation of HEIA,
HEEDA, and MEA urea mirrors this. They all stay within the same trend, with only
some small variations in the ratio between them. The OZD concentration stays low
even with the increased MEA concentration. This is as expected since OZD is
considered a short-lived intermediate product. Overall, the water concentration does
not seem to influence the formation of thermal degradation products.
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Figure 13: Thermal degradation products formed in solutions of loaded aqueous MEA (0. = 0.1) after
4 weeks.
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Figure 14 shows the thermal degradation products that are present in the solutions
with loaded MEA in varying ratios of TEG and water at week 5. The data points at
Omol% TEG correspond with the solution of 5 nuea kgrzo™? (8mol%) in water.
Increasing the concentration of TEG, and thereby removing water, shows varying
effects on the formation of thermal degradation products. HEEDA and MEA urea are
only slightly affected and have a small decrease and increase, respectively. HEIA,
however, is strongly influenced by the change in ratio. From solutions without TEG
to solutions without water, the amount of HEIA produced is doubled.

When comparing this with MEA degraded in the other organic solvents, a similar
result can be seen. Figure 15 shows the thermal degradation products formed during
thermal degradation of loaded MEA (a = 0.5) in various organic diluents. In all cases
when switching water with another diluent, the amount of HEIA produced is nearly
doubled. This indicates that it is the removal of water that results in the formation of
HEIA being favored. This is especially interesting in the case of the NFM/water
mixture, where the amount of HEIA is tripled from only changing 20mol% water to
NFM. Another interesting point is the high formation of MEA urea in the loaded
MEA degraded in NMP. It is not clear why these different degradation patterns take
place. Overall, from these results, it becomes clear that further studies are needed to
understand the degradation mechanisms.
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Figure 14: Thermal degradation products formed in solutions with loaded MEA (o = 0.5) in varying
ratios of TEG and water after 5 weeks.
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Figure 15: Thermal degradation products formed in solutions of loaded MEA (43mol%, o. = 0.5) in
various diluents after 5 weeks.

4 Conclusions

Water-lean solvents have been proposed as a possible alternative to aqueous amine
systems in postcombustion carbon capture. There is however little data available on
how amine degradation is affected by different solvents. This study presents new
insights on the effect of solvent on thermal degradation of alkanolamines from
laboratory-scale degradation experiments.

To investigate the effect of the water on thermal degradation, water was replaced by
increasing amount of MEA in the first series of experiments. It was observed that the
amine and water concentration did not affect the thermal degradation rate of the
amine. An increase in the CO, concentration, however, resulted in increased thermal
degradation. Which CO»-carrying species is responsible for the increased degradation
rates is not clear and it is an interesting topic for further investigations.

In the next experiments, water was replaced with the organic diluent TEG. Solutions
of loaded MEA in TEG and water were prepared, and an increased ratio of TEG gave
increased thermal degradation of MEA. Experiments with other primary and
secondary amines (AP, MMEA, and EAE in TEG) gave the same outcome. It was
not concluded whether the stability of tertiary amines (DMMEA, DEEA, and DMPA
in TEG) was affected due to their high thermal stability.

Replacing the water in aqueous MEA solutions with organic diluents resulted in
varying thermal degradation rates. Overall, all tested organic diluents (DEG, MEG,
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THFA, NFM/water, and NMP) resulted in higher thermal degradation rates for loaded
MEA. None of the proposed parameters such as acid-base behavior, polarity, or
relative permittivities, stood out as single contributing factors for the variation in
degradation rates. The typical degradation compounds observed for an aqueous MEA
solvent were also observed for MEA in various concentrations and with various
organic diluents. In conclusion, it seems to be necessary to study each water-lean
solvent system separately to rule out amine stability issues. Early-stage testing of new
solvent systems is important.
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Additional experimental details, and extensive experimental results.

Table S1: Overview of samples with higher RSD.

Week  Solution composition RSD
6 kg:::in’:‘EG DMPA in 50mol% TEG in water 20%
9 kg:z:ﬁ DEEA in water 35%
12 kg:;:"TEG DMMEA in water 2 50

Table S2: Overview of cylinder leakages.

Week  Solution composition

1

1

30% MEA in THFA
30% MEA in NMP
30% MEA in MEG
30% MEA in DEG
30% MEA in TEG
30% MEA in MEG

90% MEA in water, o. = 0.1
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Figure S1: Comparison of thermal degradation results of metal and glass cylinders with loaded MEA
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[o2]

o

o
T

a1

o

o
T

HEEDA
= MEA-Urea

u0ZD
mEHEIA

8mol% 8mol% 23mol% 23mol% 73mol% 73 mol %
(metal) (glass) (metal) (glass) (metal) (glass)

400

300 |

Concentration [mmol/kg]

200 [

100 [
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CO:z2 per 100 g unloaded solution) formed after 5 weeks with metal and glass walls.
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Table S3: Titration results [mol/kg] for thermal degradation experiments of aqueous MEA conducted
in metal cylinders at 135°C.

Week 0 1 2 3 4 5

11mol% MEA ¢=0.1 481 4.75 4.74 4.77 4.72 4.75
11mol% MEA 0=0.2 4.71 4.64 4.63 4.54 4.46 4.47

11mol% MEA 0=0.3 4.62 451 4.42 4.25 4.03 4.09

11mol% MEA 0=0.4 4.56 4.35 412 3.87 3.66 3.42
8mol% MEA 0=0.5 3.52 3.33 3.07 2.85 2.67 2.52
23mol% MEA a=0.23 7.57 7.37 7.24 7.07 6.85 6.63

41mol% MEA a=0.17 10.55 1041 10.26 10.11 9.97 9.74
73mol% MEA 0=0.13 1295 1278 12.62 12.40 12.33 12.09
100mol% MEA o=0.12 1513  14.73 14.55 14.45 14.30 14.07
23mol% MEA a=0.1 7.93 7.85 7.78 7.77 7.71 7.73
41mol% MEA a=0.1 10.87 10.77 10.72 10.73 10.65 10.65
73mol% MEA o=0.1 13.75  13.53 13.49 13.36 13.28 13.34

Table S4: Titration results [mol/kg] for thermal degradation experiments of aqueous MEA conducted
in cylinders with glass walls at 135°C.

Week 0 1 2 3 4 5
8mol% MEA a=0.5 3.52 3.34 3.13 2.92 2.72 2.53
23mol% MEA 0=0.23 7.57 7.40 7.28 7.08 6.91 6.76

73mol% MEA 0=0.13  12.95 12.78 12.67 12.49 12.39 12.25
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Table S5: Titration results [mol/kg] for thermal degradation experiments of MEA (5

in TEG and water conducted in metal cylinders at 135°C.

—TMEA__ ;=(.5)
kgu,o '

>
+TEG

Week 0 1 2 3.1 4 5

Water 3.52 3.33 3.07 2.84 2.67 2.49
5mol% TEG 3.58 3.36 3.10 2.81 2.64 2.38
20mol% TEG  3.60 3.25 2.94 2.59 2.40 211
50mol% TEG 3.56 3.09 2.73 241 2.22 1.92
80mol% TEG  3.58 3.00 2.57 2.22 2.02 1.78
TEG 3.54 2.88 2.42 2.04 1.88 1.62

Table S6: Titration results [mol/kg] for thermal degradation experiments of primary amine AP and

secondary amines MMEA and EAE in water and TEG (5 —amine__

K9H,0 + TEG

cylinders at 135°C.

, a=0.5) conducted in metal

Week 0 1 2 3 4 5

AP in water 3.36 3.24 3.20 3.17 3.12 3.12
MMEA in water 3.27 2.97 2.72 2.64 2.46 2.45
EAE in water 2.90 2.75 2.58 2.51 2.46 2.46
AP in 50mol% TEG 3.34 2.76 2.30 2.10 1.89 1.90
MMEA in 50mol% TEG 3.32 2.88 2.58 2.47 2.31 2.30
EAE in 50mol% TEG 3.08 2.59 2.37 2.25 2.18 2.18
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Table S7: Titration results [mol/kg] for thermal degradation experiments of tertiary amines DMMEA,
DEEA and DMPA in water and TEG (5 kn“& a=0.3) conducted in metal cylinders at 135°C.

9H,0+TEG
Week 0 2 4 6 9 12

DMMEA in water 3.02 2.99 3.08 2.96 2.97 2.94
DEEA in water 2.60 2.58 2.57 2.54 2.56 2.46
DMPA in water 2.93 2.96 2.93 2.96 2.89 2.85

DMMEA in 50mol% TEG 3.00 3.01 2.99 2.98 2.94 2.93
DEEA in 50mol% TEG 2.95 3.08 2.95 2.94 2.90 2.89
DMPA in 50mol% TEG 2.98 2.95 2.96 3.07 2.95 297

Table S8: Titration results [mol/kg] for thermal degradation experiments of MEA (43mol%, a=0.5) in
organic diluents conducted in metal cylinders at 135°C.

Week 0 1 2 3 4 5

Water 3.52 3.33 3.07 2.84 2.67 249
MEG 5.94 4.10 2.95 2.10 165 1.28
DEG 4.42 3.66 3.13 2.58 223 193
TEG 3.60 2.88 2.42 2.04 188 1.62

20mol% NFM in water 7.95 6.60 5.54 4.46 397 351
NMP 4.38 2.73 2.37 1.90 162 158
THFA 4.39 3.47 3.12 2.58 236 221
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Table S9: LCMS results [mmol/kg] for thermal degradation experiments of aqueous MEA in metal
cylinders at 135°C.

Mol% a Week  MEA HEIA 0zD MEA-urea HEEDA
11 0.1 4823 14.5 0.47 5.36 29.7
11 0.2 3 4368 53.9 0.57 10.33 88.9
11 0.3 3991 152.6 1.27 14.50 128.8
11 0.1 4807 30.8 0.58 5.47 56.5
11 0.2 4 4238 88.5 0.70 9.66 98.4
11 0.3 3525 258.9 0.76 1191 138.3
8 0.5 2670 266.2 4.76 12.29 94.2
41 017 3 9676 153.4 0.11 56.37 274.2
100 0.12 14482 164.5 0.06 203.13 253.4
8 0.5 2116 415.8 3.87 8.47 84.6
11 0.4 2894 431.4 2.07 11.41 1544
23 0.23 5803 346.3 0.23 24.48 319.8
41 0.17 ° 8899 279.6 0.09 47.70 373.0
73 0.13 11332 277.1 0.05 88.25 390.1
100 0.12 13447 330.7 0.02 178.69 378.3
23 0.1 7331 55.7 <0.13 16.00 142.4
41 0.1 4 10568 67.2 <0.13 37.06 188.1
73 0.1 12983 1245 <0.13 108.46 216.1
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Table S10: LCMS results [mmol/kg] for thermal degradation experiments of MEA (5

0=0.5) in TEG and water in metal cylinders at 135°C.

NMEA

)
kgn,o+TEG

Mol% TEG  Week MEA HEIA 0zD MEA-Urea HEEDA
50 2203 476.7 14.01 92.99 75.2
100 ’ 1946 599.2 19.7 131.22 61.4
5 2056 469 5.63 15.93 81.1
20 1785 668.1 8.46 37.14 72.4
50 5 1708 756.2 11.1 60.43 64.0
80 1592 829.6 14.91 84.89 57.6
100 1397 863.6 14.54 81.38 51.1

Table S11: LCMS results [mmol/kg] for thermal degradation experiments of MEA (43mol%, a=0.5) in
organic diluents in metal cylinders at 135°C.

Solvent Week MEA HEIA 0zD MEA-urea HEEDA
TEG 1946 599.2 19.7 131.22 61.4
DEG 2188 8185 2229 10246 94.83
MEG 1356 14868 2298  56.44 83.41
NMP 3 1829 7298 60.58  587.22 1.47
THFA 2427 8215 28.84  217.59 50.06
Sv(;r;?r'%'\":'v' in 1861 11025 4540 7132 53.68
TEG 1397 8636 1454 8138 51.09
DEG 1519 11150 1731  56.70 69.37
MEG 613 16712 1648  18.89 38.35
NMP 5 1400 11196 5421 44111 0.52
THFA 1973 11447 2428  161.23 38.07
20mol% - NFM 904 14120 4287  30.66 25.63

in water
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Figure S4: NMR spectra for comparison of pure TEG thermally degraded for 5 weeks and fresh,
undegraded TEG.
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Figure S5: Effect of addition of TEG on thermal stability of tertiary amine DMMEA (5 ——amine__
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5.2 Corrosion Effects in Water-Lean Solvents

In addition to the analysis presented in the first part of this chapter, a short corrosion
study of the degraded solvents was performed as a side study. This was done to gain
insights into the corrosivity of the solvents. The results, however, were not included
in the publication as the presence of metals is not expected to affect the thermal
degradation mechanism of amines.! In addition, the results did not show any clear
trends. In the following subsection, a short overview of corrosion in CCS will be
presented, followed by the result from the metal analysis and some considerations of
these.

Alongside degradation, corrosion can be a severe problem when operating a CO;
absorption process.? Although a lot of research has been done in the field and valuable
insights have been gained, the corrosion process that takes place in post-combustion
capture plants is not well understood.

Overall, corrosion is a complex problem, and it has been found that multiple factors
contribute, including the composition of the amine solution, temperature, acid gases,
and flue gas impurities. Carbon steel corrodes by a charge transfer reaction between
the metal surface and the surroundings, accompanied by a reduction. Stainless steel
has the important ability to form Ni(OH), and Cr,O3 on the surface. At high pH levels,
these will work as a protective layer for the metal underneath. However, if the system
experience sufficiently oxidizing conditions, the protective layer will become
inactive and corrosion will occur similarly to carbon steel corrosion.® Most of the
electrochemical reactions involved in corrosion are thermally activated.*® This is in
line with what has been observed and reported in the literature, where increased
temperature has been reported to result in increased corrosion rates.?67

The composition of the amine solution also influences the corrosion rates. Generally,
amines by themselves are not corrosive.® Increased loading of the amine, however,
results in increased corrosivity.2® At areas with the combination of high loading and
high temperature, the likelihood of excessive corrosion is, therefore, high. Such a
point can be found in the rich amine line between the heat exchanger and the stripper.*

The choice of amine does not affect corrosion rates if the amine is not loaded. When
the amine is loaded, however, the choice of amine becomes highly influential.* The
corrosion potential of the amine classes is proposed to go from most to least corrosive
in the order primary > secondary > tertiary.® However, the variation within a class
can be very large. Studies have suggested that the corrosivity of the amine solution is
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linked to the rate of carbamate formation.” Also, sterically hindered amines are not
very corrosive, as they form a protective layer of iron carbonate (FeCQOs) on the metal
surface. Both sterically hindered amines and tertiary amines are capable of this, as
they are both a source of the carbonate species needed for this formation.® A
consensus on the effect of the amine concentration has not been reached.*

As the amine degrades during operating hours, the formation of degradation products
will also contribute to the corrosion problem. Some basic degradation products have
been found to increase corrosion rates, but heat-stable salts (HSS) are generally
considered the main contributors.21>*® The higher the concentration of these
components, the higher the corrosion rates. The reason why, and by which
mechanisms this happens, is not understood.

Studying corrosion is usually done using coupons. Here, the weight loss is
measured,?!* and in some cases, visual inspection of the surface of the coupons is
also conducted.'® Metal concentration in the solvent can also give insight into the
state of the solvent concerning corrosion. These are measured using ICP-MS/-OES. 1
These are, however, not considered proper corrosion tests but can indicate the
corrosivity of the actual systems.

In this study, the analyses were performed externally at the Department of Chemistry,
NTNU, as described in the Methodology Section of the thesis. The metals quantified
were Mo, Cr, Ni, and Fe, and the solvent systems studied were the same as presented
in the publication in the first part of this chapter. An overview of these is presented
below.

a. Increasing concentrations of loaded monoethanol amine (MEA) in water with
a constant absolute concentration of CO, (0.19 mol CO,/100 g unloaded
solution).

b. Loaded MEA (5 Molal, a=0.5) in changing ratios of tricthylene glycol (TEG)
and water.

C. Loaded primary (5 Molal, a=0.5), secondary (5 Molal, a=0.5), and tertiary
(5 Molal, a=0.3) amines in solutions of TEG and water. Amines included
were 3-amino-propanol (AP, 1°), 2-(methyl-amino)-ethanol (MMEA, 2°),
2-(ethyl-amino)-ethanol (EAE, 2°), 2-dimethyl-amino-ethanol (DMMEA,
3°), and 2-(diethyl-amino)-ethanol (DEEA, 3°).

d. Loaded MEA (5 Molal, a=0.5) in organic solvents TEG, diethylene glycol
(DEG), monoethylene glycol (MEG) and a 20mol% N-Formyl
morpholine/water solution (NFM).
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a. The results for the solutions with increasing concentrations of loaded aqueous
MEA are shown in Figure 5.2.1. In these experiments, the MEA concentration was
varied, while the absolute concentration of CO, was kept constant. The result from
the thermal degradation experiments indicated that all these solutions degraded at
approximately the same rate. From the analysis of the metal concentrations, some
unexpected results were observed. At low concentrations of MEA, the metal
concentration increased with the increase in MEA. At the midrange concentrations,
the concentration of metals stabilized, before decreasing as the concentration
increased further. Though the concentrations of the separate metals were not the
same, the total amount of metals was found to be the same for the solutions with
8mol% and 100mol% MEA. In the literature, no consensus has been reached with
regard to the effect of amine concentration on corrosion. From these results, it seems
to have an effect, though it is not a clear trend.

smol% [l
5 11mol% [ ]
=
£ 23moly [N = Mo
[&]
<
S 4imoivs I mer
I Ni
W]
= 73molv I Fe
100mol% [l

0 500 1000 1500 2000 2500 3000 3500 4000
Metal concentration [mg/L]

Figure 5.2.1: Metal concentrations in thermally degraded solutions (5 weeks, 135 °C) of loaded
aqueous MEA (0.19 mol C0O2/100 g unloaded solution) with increasing MEA concentrations.

b. In the solutions with loaded MEA in various ratios of TEG in water, the increase
in the concentration of TEG showed an increase in the thermal degradation rates of
MEA. The metal concentration in these solutions is shown in Figure 5.2.1. It is worth
noticing that the Omol% TEG in Figure 5.2.2 corresponds to the 8mol% MEA in
Figure 5.2.1. Figure 5.2.2 shows that, at lower concentrations of TEG, the metal
concentration increases with an increasing ratio of TEG. Between 20mol% and
50mol%, however, there is a sharp change and all the solutions with high TEG content
have very low metal concentrations. Higher TEG concentrations, therefore, might
have an inhibitory effect on corrosion. The change in metal content might also be due
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to insufficient solubility of the metal ions in TEG. We have unfortunately not found
any published data on the solubility of any of the measured metals in TEG.
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Figure 5.2.2: Metal concentrations in thermally degraded solutions (5 weeks, 135 °C) of loaded MEA
(5 Molal, a=0.5) in changing TEG/water ratios.

c¢. A comparison of solutions with various loaded amines in water and solutions of
the same loaded amines in 50mol% TEG in water is shown in Figure 5.2.3. In these
solutions, exchanging water for TEG resulted in higher thermal degradation rates for
the different amines included in the study. Form the metal concentrations found in
these solutions, it is clear that the choice of amine strongly influences corrosion. The
results for the amines in water compared with their corresponding solution with TEG
and water shows that the presence of TEG has a strong effect on the corrosivity of
the amine solutions. Similar to the trend seen for loaded MEA, the various loaded
amines show significantly lowered metal content with TEG present. As an exception,
the solutions with DMIMEA are less affected by TEG, though why this is, is not clear.
It is feasible that the concentration at which TEG results in the protective property
that is seen for the other amines is higher for DMMEA.

d. The metal concentration in solutions of loaded MEA in some organic solvents is
presented in Figure 5.2.4. In this experiment, thermal degradation experiments were
conducted with MEA in a selection of organic solvents. The three glycols, MEG,
DEG and TEG, were tested with loaded MEA without any water present. Loading
MEA in pure NFM, however, resulted in phase separation. To avoid this, solutions of
loaded MEA in mixtures of NFM and water (20:80 mol ratio) were studied. The three
glycols all had a low metal content, while the NFM water mixture had a noticeably

172



higher concentration of metals. This is probably due to the high water content of this
solution.

AP inwater 1
AP in 50mol% TEG/water
MMEA in water IR
MMEA in 50mol% TEG/water
EAE in water [N = Mo
EAE in 50mol% TEG/water mCr
DMMEA in water [N NI
DMMEA in 50mol%.. -
I
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Figure 5.2.3: Comparison of metal concentrations in thermally degraded solutions (5-12 weeks,
135 °C) of loaded primary (5 Molal, a=0.5), secondary (5 Molal, 0=0.5) and tertiary amines (5 Molal,
0=0.3) in water and TEG/water mixtures thermally degraded for 5 weeks.
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Figure 5.2.4: Metal concentrations in thermally degraded solutions (5 weeks, 135 °C) of loaded MEA
(5 Molal, a=0.5) in a selection of organic solvents.
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In these experiments, the water content was reduced by increasing the amine
concentration and by introducing organic solvents as replacements for the water as
diluents. Overall, the results from these corrosion tests are somewhat inconclusive.
Experiments with increasing MEA concentrations showed that the amine
concentration has an effect on the corrosion, though there is no clear trend. High
concentrations of organic diluents gave very low metal concentrations for all
solutions included in this study compared to their corresponding aqueous solutions.
The choice of amine also affected the corrosion. It is still unclear what is causing
these trends. More work should be done to better understand the effects observed.
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Chapter 6

The Impact of the Solvent on the
Oxidative Stability of Amines

In this chapter, studies on the oxidative degradation of amine solvent systems with
reduced water content are presented. An overview of some challenges met while
studying the oxidative degradation of water-lean solvents will be presented in the first
section. The second section contains a conference publication on the impact of amine
concentration on the oxidative degradation of MEA. This has been published in
Proceedings of the 16th Greenhouse Gas Control Technologies Conference in
October 2022.

6.1 Challenges when Studying Water-Lean Solvent Systems

Few studies on the effect of the solvents on the oxidative stability of the amines are
available in the literature. This includes the effect of organic cosolvents, but also the
effect of the water itself. To contribute to an improved understanding in this regard,
oxidative degradation experiments with water-lean amine solutions were conducted.
There were, however, challenges along the way. This subchapter will go through
some learnings from these.

Open batch-reactors were initially used for the oxidative degradation study of the
water-lean solvents. Open batch-reactors have previously been used for oxidative
degradation studies of aqueous amines.! In these setups, gas is sparged into a
continuously heated and stirred solution in a jacketed glass reactor. The gas leaves
the systems through a cooler connected to the reactor, and condensed liquids are
returned to the reactors.

The initial experiments conducted included solutions of an amine (MEA or MMEA)
in various ratios of water and organic diluents (TEG or NMP). An example of one of
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these experiments will be presented. The general for all of these experiments was
volatility problems and inconsistent results.

Solutions of 5 Molal MEA in 0mol%, 50mol%, and 80mol% TEG in water were
prepared gravimetrically. Iron sulfate (0.5 mmol/L) was added, and all solutions were
loaded to 0.5 mol CO; per mol MEA. The solutions (200 mL) were heated to 60 °C
in the glass reactors and the coolers were 5 °C. The gas sparged into the solutions
consisted of 98% O, and 2% COy, and the gas flow was 60 mL/min. All experiments
were conducted with two parallels. They lasted for three weeks and samples were
taken regularly. The results presented here will be from amine titration following the
procedure described in Chapter 3.

During the experiments, crystalline structures formed in the reactors with 80mol%
TEG. This occurred in the connections between the reactor and the cooler and is
depicted in Figure 6.1.1. An NMR analysis of the crystals was conducted, but as the
crystals could not be isolated, identification was not achieved. In addition, liquid
gathered in the coil at the top of the coolers, indicating volatility issues.

Figure 6.1.1: Crystalline structures formed in the connection between the reactor and cooler during the
experiments with 5 Molal MEA in 80wt% TEG.

The results from these experiments are presented in Figure 6.1.2. Error bars in the
plot represent deviation between the two parallels. Initially, two parallels of each
solution with different ratios of TEG and water were run. The loss in alkalinity in the
0mol% and 50mol% TEG solutions during the experiment was quite similar, while it
was higher for the 80mol% solution. Due to the similarities in the results, in addition
to the high standard deviation between the parallels of the 50mol% solution, the
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50mol% solution was then rerun. Surprisingly, the results were quite different from
the original run and had once again higher deviations than the other solutions.

100% B,
80% |
60% F

40%

Relative MEA loss

20% |

O%-l|||I||||I||||I||||I

0 5 10 15 20
Days
-------- 1st exp: 0Omol% TEG ----A---- 1st exp: 50mol% TEG
........ 1st exp: 80mol% TEG ---a---2nd exp: 50mol% TEG

Figure 6.1.2: Results from an oxidative degradation experiment with MEA (5 M, ¢=0.5, 60 °C) in
various ratios of TEG in water, conducted in an open set-up.

It was hard to draw any conclusions from these results, but it opens for reflection over
challenges arising from the change in solvent composition on the experimental setup,
procedure, and analysis. First, as observed in these experiments, the volatility of the
solvents becomes an issue, even with the coolers in place. Volatility is considered a
problem for water-lean solvent systems in general, where solvent losses is an
expected drawback.? As seen from the liquid collecting in the coolers, it is also a
problem in these experiments. How it is affecting the results, however, is unclear.

A way of handling this is by changing the setup to more closed-off systems. In the
continued work, a semi-open system as described in Chapter 3, was employed. In this
semi-open setup, the volatility of the solvent will be decreased due to the gas being
recirculated. A drawback is that the potential accumulation of components in the gas
phase could affect the degradation. This is not necessarily a problem, as long as the
intent is to study trends and effects of the solvent systems and not to mirror what
would happen at a full-scale plant.

Another factor to be aware of is the stability of the cosolvent itself. It is possible that
organic solvents chosen as cosolvents also have a sensitivity towards oxidizing
species and elevated temperatures. TEG is an example of this, as will be seen in the
following chapters. If the cosolvent can degrade, degradation products could
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influence the overall degradation and operability of the system. This is not necessarily
a problem for studying the degradation of the mixed solvent, it will just make it more
complex. Moreover, it would require some knowledge about the degradation of the
cosolvent in addition to the development of methods for monitoring the major
components in the solvent systems.

A last consideration is the effect of the potentially increased viscosity of the systems.
This would likely result in mass transfer limitations for the oxygen from the gas
bubbles to the solvents.® This is especially important to be aware of when looking
into the effect of changing the oxygen and temperature as both parameters are linked
to the viscosity. In the semi-open batch reactors efforts were made to overcome this
issue. This was done by introducing vigorous stirring, increased bubbling, and
recycling of the gas to increase the number of bubbles without increasing the
water/solvent loss in the system. To be certain of removing mass transfer limitations,
a cyclic system, where the gas and liquid are contacted in packing, could be used.
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Abstract

An important aspect when developing new solvent systems for CO, capture is to
understand how the change in solvent composition influence the degradation. In this
work, experimental data from the oxidative degradation of MEA with increasing
amine concentration was studied. By varying the concentration of the CO,, MEA, and
water, we investigated the impact of the solvent composition on the oxidative
degradation. To this end, two series of experiments were conducted. In the first series,
the absolute amount of CO, was kept constant while the MEA/water ratio was varied.
Both the MEA loss and degradation product formation decreased suggesting that the
stability of MEA increases with increased amine concentrations. In the second series,
the amine concentrations were varied while the loading is kept constant, i.e. the
concentration of CO; increased with the increasing amine concentration. From these
experiments, trends seen from the measured MEA loss and degradation product
formation did not correspond. The MEA loss showed no clear trend. Degradation
product formation, however, decreased with increasing MEA concentration,
indicating that there are different mechanisms taking place in the different solvent
compositions.
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1 Introduction

Post combustion CO; capture is an essential measure in reducing the greenhouse
effect. Chemical absorption utilizing amines is a mature technology within this
field.22 In this process, CO: is separated from the flue gas through selective
absorption with an amine solvent. The chemical reaction taking place results in the
formation of carbamates, bicarbonates, and carbonates. The CO: is released, and the
solvent regenerated, with increasing temperatures in a desorber.® This process step is
very energy intensive, and the extra cost this entails is one of the main obstacles for
this process.*

Another challenge for this technology is the issue of solvent degradation. Flue gas
usually contains multiple components that, together with increased temperatures,
influence the lifetime of the solvent amines.® The compounds formed during the
solvent degradation cause issues for the capture plant performance, such as corrosion,
fouling, increased viscosity, and possible emissions of hazardous compounds.®®
Additionally, treatment of degraded solvent is costly and non-eco-friendly.

Oxidative degradation of the amines occurs when oxygen is brought into contact with
the solvent, through the flue gas in the form of O,, SOx, or NOx. The primary
oxidation reactions form oxidized fragments of the amine in the form of small organic
acids and NHs.° The acids are mainly formic, acetic, and oxalic acid. The acids
formed are largely held responsible for corrosion and fouling in the pilot plants. From
here, most secondary degradation products are formed through reactions between the
primary degradation products and the solvent amine.

To minimize the problems accompanying both the energy intensity of the process and
the solvent degradation, searching for improved solvent systems with favorable
kinetics is important. In recent years, utilizing water-lean solvents has been proposed
in literature as an option to reduce the energy needed for solvent regeneration.® The
common denominator for water-lean solvents is a reduction in the water content. The
idea behind this is to reduce the energy required in the energy intensive solvent
regeneration step by removing water. There is little data available on how the change
in solvent composition influences the stability of the amines.!* Understanding the
chemistry behind this process will be very helpful in the endeavor to develop new, or
improve existing, solvent systems.*12

This work will study experimental data from the oxidative degradation of amines with
increasing concentrations. By varying the concentration of the CO,, amines, and
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water, we looked into the impact of the solvent composition on oxidative degradation.
Monoethanolamine (MEA) was chosen in this study as it degrades more readily than
many other amines. Moreover, the degradation products of MEA are also mostly
known, and analytical methods are available. Other, more stable primary and
secondary amines are expected to degrade through similar mechanisms. Therefore,
studying MEA allows for a faster gathering of data. The tendencies which are found
for MEA can then be extrapolated to other amine systems.

2 Experimental
2.1 Chemicals

The chemicals used to prepare the solutions in this study were monoethanolamine
(MEA, CAS: 141-43-5, purity > 99.0%) and ferrous sulfate heptahydrate
(FeS04-7H:0, CAS: 7782-63-0, purity > 99.0%). Both were purchased from Sigma-
Aldrich Norway. Oxygen (O2, N5.0) and carbon dioxide (CO2, N5.0) were purchased
from AGA. The deionized (DI) water was obtained from the local water purifying

system at NTNU. All solutions were prepared gravimetrically.

2.2 Oxidative degradation experiments

In this study, the effect of the concentration of MEA and CO; on the oxidative
stability of MEA was studied. This was done through two series of experiments. In
the first series of experiments, solutions with agueous MEA in varying concentrations
and a constant absolute CO, concentration (2 mol CO2/kg unloaded solution) were
prepared. The prepared solutions contained 30wt%, 50wt% and 70wt% MEA. In the
second series, aqueous MEA solutions with changing amine concentration and
constant loadings (o = 0.4) were prepared. All solutions contained 0.5 mM iron
sulfate (FeSO4-H0).

The solutions were oxidatively degraded in a custom-made open-batch setup
simulating absorber conditions. The solvent was heated up in glass reactors placed in
heating mantles with integrated magnetic stirrers. The liquid temperature was
maintained at 75 °C, while the Graham condensers were cooled to 5 °C. A continuous
flow of O,, CO, and N2 was sparged into the constantly stirred solution through gas
distribution tubes of porosity grade 1. The oxygen percentage was 6% of the total gas
flow, and the CO; content was adjusted to maintain the wanted loading. For each
experiment, the glass reactors were filled up with 1 L of the prepared solvent. Each
experiment ran for one week, and sampling was done regularly through a sampling
point in the glass reactors.

183



2.3 Analytical methods

Total alkalinity measurements were used to estimate the amine concentration. This
was done by titration with sulfuric acid (H.SO4, 0.1 M) as described by
Ma’ mun et al.®* The CO; concentration was monitored with Total Inorganic Carbon
(TIC) analysis. For this, a Shimazu TOC-Lcpw in TIC mode was used. From these
measurements, the loading could be monitored, and a more accurate amine
concentration was found by correcting for water lost to evaporation and excluding
CO; present in the solutions.

Liquid Chromatography-Mass Spectroscopy (LC-MS) was used to analyze the
concentration of MEA and degradation products. All samples were analyzed on a
UHPLC Agilent 1290 Infinity System equipped with an Agilent 6490 Triple
Quadrupole detector. The analyte separation used an Ascentis Express Phenyl-Hexyl,
2.7 m HPLC Column and a Discovery HS F5 HPLC Column, both from
Sigma-Aldrich. An isotope-labelled standard was used for quantification. The
components that were analyzed are presented in Table Al in the Appendix.

3 Results

This study investigated the effect of the concentration of MEA and CO; in loaded
aqueous MEA. This was done through two sets of experiments. In the first set, the
MEA concentration was varied, and the absolute amount of CO, was kept constant.
In the second set, the MEA concentration was varied, and the loading was kept
constant. The oxidative degradation of MEA was quantified by LC-MS analysis
measuring the concentration of MEA remaining in the solution and the degradation
products formed. Not all the experiments had a duplicate, but for the ones that did,
the average value is represented in the graph. Standard deviation is also given for the
series in question. The experiments without a duplicate will be clearly marked in the
figures.

Figure 1 shows the results from the oxidative degradation experiments with
increasing concentrations of MEA. All solutions were loaded to 2 mol CO; per kg
unloaded solution. This concentration corresponds with the amount needed to load
the 30wt% solution to 0.4 mol CO- per mol MEA.. After 7 days, it appeared that the
increase in MEA concentration resulted in a decrease in the degradation rate of MEA.
At higher MEA concentrations, the viscosity of the solution increases. It could
therefore be tempting to assume that this increase causes less oxygen to be available
for the oxidation reaction. However, Buvik et al.** have performed oxygen solubility
measurements comparing MEA in varying concentrations and found that the MEA
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concentration does not affect the oxygen solubility. It is, therefore, likely that there is
another parameter or effect that influences the stability of MEA. It should be noted
that due to the short time span of the experiment, the trend observed is somewhat
uncertain.
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Figure 1: MEA loss from oxidative degradation experiments with increasing MEA concentration and
constant COz2 concentrations (2 mol CO2/kg unloaded solution). The error bars represent the standard
deviations between the duplicate experiments. *No duplicate

The results from the oxidative degradation experiments of solutions with increasing
MEA concentrations and constant loading is presented in Figure 2. These results do
not show any clear trends with the increasing MEA and CO; concentrations.
Increased CO- concentrations have been found to result in what is known as the
“salting out” effect.* This effect describes a solvent’s reduced ability to dissolve
oxygen caused by the presence of ionic species in the solution.*® With this in mind,
one would expect the oxygen solubility, and therefore also the degradation rates, to
go down with the increasing CO, concentration. This is not what is observed. The
lack of a clear effect could be because the CO; concentration does not influence the
degradation rates — maybe due to the constant mol ratio between MEA and CO; — or
there might be more than one effect taking place.
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Figure 2: MEA loss from oxidative degradation experiments of loaded aqueous MEA (o. = 0.4) with
increasing MEA concentrations. The error bars represent the standard deviations between the duplicate
experiments. *No duplicate

Trends were hard to decern from MEA loss alone due to the short time span of the
experiments. Examining the degradation products formed in the two experiment
series can help make it clearer. All common degradation products of MEA were
analyzed, see Table Al in the Appendix. Degradation products with concentrations
higher than 1.5 mmol/kg were defined as the main degradation products in these
experiments. These were ammonia, N-(2-hydroxyethyl)-glycine (HeGly), N-(2-
hydroxyethyl)-formamide (HEF), N-(2-hydroxyethyl)-imidazole (HEI), (N-(2-
hydroxyethyl)-2-(hydroxyethyl)-amino)acetamide (HEHEAA), and formic acid.
Figure 3 shows the main oxidative degradation products, apart from ammonia,
formed in the experiment with constant CO. concentration. Comparing the
degradation products formed in these experiments to their corresponding degradation
rates, presented in Figure 1, seems to be in accordance. At lower MEA
concentrations, higher concentrations of the main degradation products are formed.
These then decrease with increasing MEA concentration. This is also the case for the
ammonia formation, which decreases from around 70 mmol/kg to below 10 mmol/kg
with the increase in MEA from 30wt% to 70wt%. An interesting point to notice here
is the behavior of HeGly and HEHEAA. HeGly has a concentration peak at 50wt%
MEA, while HEHEAA is the only component that increases steadily with increasing
MEA concentration.
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Figure 3: Selection of oxidative degradation products formed after 7 days for aqueous loaded MEA
solutions (2 mol CO2/kg unloaded solution).
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Figure 4: Selection of oxidative degradation products formed after 7 days for aqueous loaded MEA
solutions (o = 0.4).

Figure 4 shows the main oxidative degradation products formed in the experiments
with constant loading. When comparing these with the degradation trends, presented
in Figure 2, something unexpected can be observed. Even though the MEA loss was
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highest for the 70wt% MEA solution, the main oxidative degradation products are
only formed in low concentrations here. There is also little ammonia present at high
MEA concentrations, measuring at 73 mmol/kg, 140 mmol/kg, and 7 mmol/kg for
30wt%, 50wt%, and 70wt%, respectively. Of the other known oxidative degradation
products that were analyzed, only MEA-urea was found in marginally greater
amounts in the 70wt% MEA than in the 30wt% or 50wt% solutions.

Looking only at the degradation products formed, one would expect that the stability
of MEA decreases with increased MEA and CO; concentration. Since this is not the
case for the MEA loss, something else must be happening. Figure 5 highlights this by
comparing the MEA loss with the total amount of nitrogen detected in the degradation
products in the 30wt% and 70wt% MEA solutions. A possible explanation is that
higher concentrations of ammonia is formed in the 70wt% MEA than what is
measured, but that this leaves the open system due to a possible lower solubility.
Alternatively, the high MEA concentration might give rise to the formation of
unknown degradation products which are not looked for in the analysis. The actual
reason for this discrepancy is unfortunately not known. Overall, these results show
that there are most probably some unknown mechanisms taking place at higher amine
concentrations. Further studies should be conducted to enable a better understanding
of these effects.
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Figure 5: Comparison of MEA loss and nitrogen present in degradation products detected in oxidatively
degraded solutions of loaded aqueous MEA (2 mol COz/kg unloaded solution) on day 7.
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4 Conclusion

Today, high cost is associated with many of the existing chemical absorption systems
for CO. capture. One of the main problems is solvent degradation. Finding better,
more stable solvents is therefore important on the road towards making this
technology interesting for the industry to implement. In this endeavor, understanding
the effect of the different parameters of the solvent system is important.

In this study, oxidative degradation experiments were conducted to investigate the
effect of solvent composition on the amine stability. The concentration of MEA and
CO- was varied to determine their influence. Increased MEA concentrations with a
constant CO- concentration seemed to result in a decrease in MEA loss, as well as a
decrease in oxidative degradation product formation. It is not clear which property of
the solvent gave this effect.

Increased MEA concentrations with constant loading gave divided results. On one
hand, there was no clear trend seen from the MEA loss. On the other hand, the
formation of known oxidative degradation products clearly decreased. The reason for
the discrepancy between these findings is unknown. All experiments conducted had
a short time span. Extending the experimental time can be a good way of reducing
uncertainty and gaining better insights into these systems.

Acknowledgements

The LAUNCH project (Project No. 299662) is co-funded by the ERA-NET
Accelerating CCS Technologies initiative, which supports the delivery of safe and
cost-effective carbon capture, utilization, and storage. The governments of each
participating country have contributed funding through the ACT2 initiative.

Appendix A

Table Al: Analysed degradation products with their corresponding abbreviations and CAS numbers.

Compound Abbreviation CAS number
Acetic acid - 64-19-7
Ammonia - 7664-41-7
Bicine - 150-25-4
N,N’-Bis(2-hydroxyethyl)oxamide BHEOX 1871-89-2
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Butyric acid

3-Hydoxybutyric acid
Diethanolamine

Diethylamine

Dimethylamine

Dipropylamine

Ethylamine

Ethylmethylamine

Formic acid

Glycine

Glycolic acid

Glyoxylic acid
N-(2-Hydroxyethyl)-acetamide
N-(2-Hydroxyethyl)-2-imidazolidione
2-(2-Hydroxyethyl-amino)ethanol
N-(2-Hydroxyethyl)-formamide
N-(2-Hydroxyethyl)-glycine

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

4-(2-Hydroxyethyl)-2-piperazinone
1-(2-Hydroxyethyl)-2-piperazinone
2-Hydroxy-N-(2-hydroxyethyl)-
acetamide

Isobutyric acid
Lactic acid

Monoethanolamine

3-OH Butyric Acid

DEA

HEA
HEIA
HEEDA
HEF
HeGly
HEHEAA
HEI
HEPO

1HEPO

HHEA

MEA

107-92-6

300-85-6

109-89-7

109-89-7

124-40-3

142-84-7

75-04-7

624-78-2

71-47-6

56-40-6

79-14-1

298-12-4

142-26-7

3699-54-5

111-41-1

693-06-1

5835-28-9

144236-39-5

1615-14-1

23936-04-1

59702-23-7

3586-25-2

79-31-2

50-21-5

141-43-5
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N,N’-Bis(2-hydroxyethyl)-urea MEA-urea 15438-70-7

Methylamine - 74-89-5
2-(Methyl)-aminoethanol MMEA 109-83-1
3-Methylpyridine 3-Mpy 108-99-6
Morpholine - 110-91-8
2-Oxazolidinone 0zD 497-25-6
Piperazine Pz 110-85-0
Propionic acid - 79-09-4
3-Hydroxypropionic acid 3-OH Propionic acid  503-66-2
Propylamine - 107-10-8
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Chapter 7

Analytical Tools for Monitoring Glycol
Degradation

The following chapter contains a manuscript on analytical tools for monitoring glycol
degradation. Methods for quantification of glycols by GC-FID and quantitative *C
NMR, and for quantification of small organic acids by HPLC-UV and HSS analysis
are described. Oxidatively and thermally degraded TEG samples are studied, and
some observations on color changes and sample stability are discussed.

Manuscript:

Hgisaeter, Karen K.; Buvik, Vanja; Vevelstad, Solrun; & Knuutila, Hanna K.
Analytical Tools for Monitoring Glycol Degradation. To be submitted.
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Abstract

This paper focuses on investigating possible methods for monitoring glycol
degradation with solvent analysis. Oxidatively and thermally degraded triethylene
glycol (TEG) samples were studied. Methods for quantifying TEG, and for
quantifying some degradation products (small glycols and acids), were developed.
Two independent methods were chosen for each component group to validate the
analytical methods. The glycols were successfully quantified with gas
chromatography coupled with flame ionization detection (GC-FID) and with
quantitative carbon-13 nuclear magnetic resonance (*C NMR) spectroscopy. The
acidic degradation compounds were successfully quantified with high-performance
liquid chromatography coupled with ultraviolet detection (HPLC-UV) and heat-
stable salt (HSS) analysis. The analytical techniques were used to study thermally
degraded TEG. The thermal stability of TEG decreased with addition of impurities,
especially formic acid. Some color changes were observed, but it was not linked with
amount of TEG degraded. Finally, it was found that TEG samples have limited
stability, even if stored cold.
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Gas dehydration, oxidative degradation, thermal degradation, GC, NMR, HPLC, HSS
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1 Introduction

Raw natural gas must be processed to remove impurities to achieve a pipeline-quality
gas. An important step in this regard is removal of water. A mature technology used
to achieve this is dehydration with glycols.! Glycols are hygroscopic, non-corrosive,
non-toxic, their regeneration is easy, and they absorb little of the hydrocarbons from
the gas.? Triethylene glycol (TEG) is the most common glycol used for gas
dehydration due to its low cost and relatively low vapor pressure.

In the gas dehydration process, the wet gas enters an absorption column and flows
counter current to TEG, which will absorb the water content in the gas. The dried gas
leaves the column at the top, while the rich TEG is pumped to separate units where
water, as well as other contaminants, are removed. The regenerated TEG is then
pumped back and reused in the absorption column. During this process, TEG can
undergo degradation reactions caused by the presence of oxygen and high
temperatures.? This can cause operational issues, such as foaming, corrosion, and
performance loss.! To avoid these issues, the process is often designed so, that
temperatures above the cracking temperature of the glycol are avoided (204 °C)3.

The degradation of a solvent can be monitored by quantifying the solvent or by
measuring the buildup of degradation compounds in the solution. Though the
possibility of glycol degradation is a well-known issue, there is, however, not much
published on the chemistry happening during the degradation of TEG. This makes
the task of monitoring this solvent a challenge. Industrially, dehydration capacity is
often used as an indicator of degradation.

In degradation studies of TEG, no analytical methods for quantifying the glycol are
published. The degradation of TEG has been described by Forster*, who proposes
formation of smaller fragments formed both through oxidative and thermal
degradation. Examples of these are ethylene glycol (MEG) and diethylene glycol
(DEG). No analytical technique for the quantification of these is given in the literature
on glycol degradation, but there are method descriptions in other fields.>®

The glycols are known to form small organic acids as they oxidatively degrade. In
the literature, formation of formic, acetic, glycolic, glyoxylic, and oxalic acid during
the oxidative degradation of MEG has been reported.®? These acids have been
quantified using ion chromatography (IC)°!! or ion chromatography exclusion
(ICE)°. Measuring the pH of the degraded solutions has also been proposed as a
possibility to quantify the acidic components in the solution.® This option, however,
has been found to not correlate well with actual acid concentration.®
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Discoloration is often used as an indicator of degradation. Experiments done by
AlHarooni et al.'* indicate that increased degradation results in increased darkening
of MEG. Glycols are initially clear, but as the solvents turn browner in color with use,
reduced dehydration capacity is observed.'® TEG with prolonged operation time often
looks black and has an increased viscosity. Forster® reports finding contaminants in
their spent TEG, originating from the natural gas being treated.

In this paper, analyses of glycols (TEG, DEG, and MEG) and organic acids (formic,
glycolic, oxalic, glyoxylic, and acetic acid) are presented. Each of the two compound
groups are analyzed with two independent methods. The glycols are quantified with
gas chromatography coupled with flame ionization detection (GC-FID) and
quantitative **C nuclear magnetic resonance spectroscopy (carbon-13 NMR). The
acids are quantified with high-performance liquid chromatography coupled with
ultraviolet detection (HPLC-UV) and heat stable salts (HSS) analysis. The analytical
methods are first tested on samples from an oxidative degradation experiment of pure
TEG. Then, thermal degradation experiments have been conducted, and the results
from these are presented. Lastly, color changes and sample stability are shortly
discussed.

2 Materials and Methods
2.1 Chemicals

The chemicals used in this work are listed in Table 1. All solutions were prepared
gravimetrically. Deionized (DI) water was acquired from the water purifying system
at NTNU, and MilliPore water from an ICW-3000 Millipore purification system. All
chemicals were purchased from Sigma-Aldrich Norway AS/Merck Life Sciences.
Oxygen (O, N5.0) was purchased from AGA.

Table 1: Overview of chemicals used in this work.

Chemica_l n_ame Structure CAS- % Purity
(Abbreviation) number

(TTr::g‘)y'ene glyeol O~ OH 112276 > 99
geEtg'e”e glycol Ho~ O o 111-46-6 > 99
(E,\t:ég‘e glycol Ho~~-OH 107-21-1 > 99
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(0]
Acetic acid )J\ 64-19-7 >090.8
OH

(0]
Formic acid 64-18-6 > 98
HJ\OH
(0]
Glycolic acid 79-14-1 99
o L,
O
50wt% in
. . H _ _
Glyoxylic acid \H)J\OH 298-12-4 water
0]
0]
Oxalic acid HO\H)J\OH 144-62-7 > 99
(0]
Methanol (MeOH) —OH 67.56.1  Hypergrade
for LC-MS
- _ Anhydrous
H;C—-C=N -05-
Acetonitrile (AcN) 3 75-05-8 99.8%

Tris(trimethylsilyl)-

i -38- 0
phosphine (TMSP) P(SiMes)s 15573-38-3 95%

2.2 Analytical Methods
2.2.1 Gas Chromatography Coupled with Flame lonization Detection (GC-FID)

One of the techniques used in this study to quantify the three glycols, TEG, DEG, and
MEG, was GC-FID. An Agilent 7890A equipped with a DB-WAX Ultra Inert fused
silica column (length 30 m, inner diameter 0.25mm, film thickness 0.25 pum) was
used, and the injection volume was 10 pL with a 1:20 split ratio. The following
temperature gradient was used to elute the three glycols: hold at 100 °C for 1 min,
increase to 250 °C in increments of 10 °C/min and hold at 250 °C for 4 min. The
carrier gas was helium, and methanol was used to dilute samples to contain
<1000 ppm glycol. The limit of detection (LOD) and limit of quantification (LOQ)
was defined as three times signal-to-noise (3-S/N) and 10-S/N. For all three
compounds, linear calibration curves were obtained with R? of >0.999. Retention
times, LOD, LOQ, and the linear calibration range for MEG, DEG and TEG are given
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in Table 2. The high LOD, LOQ, and start concentration of the calibration range for
TEG were caused by column bleed.

Table 2: Retention time, LOD, LOQ, and linear calibration range for MEG, DEG and TEG analyzed
with GC-FID.

. Retention LOD LOQ Linear calibration
Chemical .
time[s]  [ppm]  [ppm] range [ppm]
MEG 55 15 45 5-1000
DEG 8.9 2.0 5.1 5-1000
TEG 12.2 34 47 50-1000

Before the quantification of laboratory degraded samples, validation tests were
performed with mixtures of known amounts of MEG, DEG, and TEG in methanol.
Mixed samples with MEG, DEG, and TEG were also spiked with compounds that
were expected to be present in degraded glycol solutions, such as water, formic acid,
acetic acid, glycolic acid, glyoxylic acid, and oxalic acid. None of these
“contaminants” influenced the quantification of the glycols. Acetic acid shows up as
a peak in the FID spectrum but elutes much earlier than the three glycols. To
continuously validate the results from the real samples, mixed standards with known
concentrations were run periodically between real samples. The accuracy of the
method was 3%, and the precision was 1%.

2.2.2 Quantitative **C Nuclear Magnetic Resonance (NMR) Spectroscopy

The quantification of the glycols, TEG, DEG, and MEG, was performed on a Bruker
600 MHz Avance 111 HD equipped with a 5 mm cryogenic CP-TCI z-gradient probe
at 26.8 °C. The spectra were processed using the software Bruker TopSpin 4.0.7.

To quantify the carbon in the samples, an internal reference standard was used. The
reference standard, AcN (10 pL), was added to the solution with a Hamilton syringe
model 802 as described by Perinu et al.’® Deuterated water (D,O) and TMSP was
used as the lock solvent and the zero calibration. The sample for analysis was added
into an NMR tube, and a coaxial insert with the D,O and TMSP (2wt%) was placed
inside.

The acquisition and processing parameters were adjusted to allow the integrals of the
areas to relate to the true quantity of the carbons. First, the recycle delay time must
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be more than five times higher than the highest T1. The spin-lattice relaxation time
(T1) of the glycols and the internal reference standard was measured by the inversion-
recovery method®” and the recycle delay time was set to 120 s. The sequence used to
obtain the spectra was inverse-gated decoupling acquisition to minimize the effect of
the nuclear Overhauser effect (NOE). The pulse width was 9.58 us (90° pulse angle)
and the number of scans was 256.

Validation tests were performed with mixtures of TEG, DEG, and MEG, with known
concentrations. The three glycols were also spiked with components expected to be
in the degraded solutions, such as formic and acetic acid. None of these influenced
the quantification of the glycols. The accuracy was 2% for TEG and 5% for DEG and
MEG. The precision was 1% for TEG and 0.5% for DEG and MEG.

2.2.3 High-Performance Liquid Chromatography coupled with Ultraviolet Detection
(HPLC UV)

Quantification of the organic acids, formic, acetic, glycolic, glyoxylic, and oxalic
acid, was performed with HPLC-UV. The method was performed on a PL1170-6830
(Agilent Hi-Plex H) column. Aqueous sulfuric acid (H.SOs, 0.05 mol/L,
CAS: 7664-93-9) was used as an isocratic eluent with a flow of 0.5 mL/min. The
column temperature was 40 °C and the injection volume was 10 pL. The method
lasted for 20 minutes to allow all acids and potential contaminants that could be stuck
in the column to eluate. Real samples were diluted in MilliPore water to
approximately 50 000 ppm and filtered through 0.2 um syringe filters before analysis.
One calibration curve was used for the lower concentrations and one for the higher
concentrations. The LOD and LOQ were defined as 3-S/N and 10-S/N. See Table 3
for retention time, LOD, LOQ, the lower calibration range, and the higher calibration
range for the five acids. In all cases, R? was >0.999. The peaks were baseline
separated in a standard solution of all acids.

During the setting up of the method, both HPLC with refractive index (RI) and UV
detection were tested. UV was found to be a good choice for the small organic acids
as all of the acids are UV-active species. Calibration with each acid gave a linear
calibration curve. The higher calibration range of formic acid was used as it was
established early that in the oxidative degradation of TEG, this was the main acidic
degradation compound and always present in higher abundance than the other acids.

2.2.4 Heat Stable Salt (HSS) Analysis

The analysis was performed following a method described by Reynolds et al.’®
Approximately 2 g of the sample was added to 40 mL activated Dowex 50W-X8 ion
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Table 3: Retention time, LOD, LOQ, lower calibration range, and higher calibration range for oxalic
acid, glyoxylic acid, glycolic acid, formic acid, and acetic acid analyzed with HPLC-UV.

Retention LOD LOQ Lower calibration Higher calibration

Chemical time[s] [ppm] [ppm] range [ppm] range [ppm]
Oxalic acid 9.50 0.67 0.84 2.5-50 50-400
Glyoxylic acid 10.84 1.9 3.7 10-50 50-400
Glycolic acid 13.45 2.0 4.5 10-50 50-400
Formic acid 15.09 12 13 50-1000 1000-8000
Acetic acid 16.45 5.3 8.3 10-50 50-400

exchange resin (CAS: 69011-20-7) and 40 mL DI water. The solution was then
covered and heated to 70 °C with stirring for 1 hour, before letting it cool and allowing
the resin to settle. The supernatant was then transferred to a new container through a
frit. The resin was then rinsed multiple times until the pH of the supernatant reached
that of DI water. The rinsing consisted of adding 40 mL DI water, stirring for 1 minute
and leaving the resin to settle before filtering. All combined supernatants were titrated
with sodium hydroxide (NaOH, CAS: 1310-73-2). For samples where TEG had
degraded >50%, the titrant concentration was 0.5 M, while for the rest, the titrant
concentration was 0.05 M.

This is originally a method for quantifying heat-stable salts formed during the
degradation of amines.’® It was, however, found to be transferable to the acidic
degradation components formed during the degradation of TEG. Validation tests
performed on artificial samples with glycols and acids in known concentrations gave
overall coinciding results. The lowest accuracy was found to be £8% corresponding
to +£0.18 mol/kg.

2.3 Experimental Procedure

2.3.1 Oxidatively Degradation Experiments

The oxidatively degraded samples for analyses were produced using an oxidative
degradation setup. The oxidative degradation experiments presented in this work are
part of a larger experimental set, focusing on the impact of oxygen and temperature
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on TEG degradation. The oxidative degradation experiments with pure TEG were
conducted in a custom-made oxidative degradation setup. This consisted of two
parallel semi-open batch reactors. TEG (1.2 L) was added to the reactors (1.5 L),
which were placed within electrical heating mantles (from ITA), and heated to
100 °C. The mantles had built-in magnetic stirring. A Graham condenser cooled by a
water bath (5 °C) and a sparger (grade 1) were connected to each reactor. The gas
going to the spargers entered the system through mass flow controllers at
200 mL/min. The composition of the gas was 24vol% oxygen and 76vol% nitrogen.
The gas was recycled through a pump (400 L/h), and a small fraction was bled out
through a 2,4-dinitrophenylhydrazine (DNPH, 800 mg) cartridge and an acid wash
(1M H2S04, aq.). The experiment was ended after 12 days.°

2.3.2 Thermal Degradation Experiments

The thermal degradation experiments were performed in 10 cm long SS316 cylinders
with an outer diameter of 1.3 cm, and thickness of 0.1 cm, equipped with Swagelok®
end caps. The cylinders are filled with 8 mL of solution. The solutions included in
this study were (1) pure TEG, (2) 30mol% water in TEG, and (3) 2mol% formic acid
and 28mol% water in TEG. For each experiment, 10 cylinders were prepared so that
during each sampling, two cylinders could be removed from the heating cabinet. This
would result in five data points, each representing two parallels. After closing the
cylinder, they were placed in an oven at 220 °C. The cylinders were weighed before
and after the experiment to detect possible leakages, but no leakages were detected.

2.3.3 Durability Tests

Fresh samples of TEG were introduced to glass vials (4 mL). The samples were not
degassed, but the vials were blanketed with nitrogen before they were closed. The
vials were put in a fridge (5 °C) and in a box in a fume cabinet (20-24 °C). Samples
from each of the two locations were analyzed periodically. Once opened, sample vials
were discarded.

3 Results and Discussion

This work aims to investigate possible methods for monitoring glycol degradation
with solvent analysis. There are two possible approaches when doing this. The
concentration of TEG in the solutions can be analyzed, thus, the decrease as the
solvent degrades can be observed. Alternatively, or additionally, the degradation
products formed and accumulated over time in the solvent can be monitored. In the
following section, both possibilities will be explored.
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In the following sections, different degraded samples of TEG will be discussed. In
Section 3.1, oxidatively degraded TEG samples will be studied. As mentioned earlier,
the oxidatively degraded samples were produced in a larger oxidative degradation
study published elsewhere, focusing on the effect of temperature and oxygen
concentration.'® In that article, additional degradation compounds were identified and
some of these were also quantified. The experiment which had most degradation in
that study (100 °C and 24% oxygen) was chosen as a test system for the analytical
methods in this work. To validate the analytical tools, independent analytical methods
were used to quantify degradation compounds and TEG concentration in the
laboratory degraded samples. The glycols, TEG, DEG, and MEG were quantified
using GC-FID and quantitative 3C NMR. Acidic degradation compounds were
quantified using HPLC-UV and HSS analysis. In Section 3.2, results from thermally
degraded samples of TEG will be presented. Lastly, some observations on color
changes and sample stability will be presented. Numerical data from the graphs and
example spectra from the analyses will be given in Supporting Information.

3.1 Oxidatively Degraded TEG

The oxidatively degraded samples were analyzed with GC-FID and NMR to quantify
the glycols, TEG, DEG, and MEG. In the GC-FID spectra, the peaks of the tree
glycols are well separated with retention times of 5.5 (MEG), 8.9 (DEG), and
12.2 (TEG) minutes. As the TEG degraded, however, unknown degradation
compounds formed with peaks which did not have proper baseline separation from
the peaks of MEG and TEG, complicating their quantification. DEG was not affected.

In the NMR spectra, both TEG (75.3, 73.1 and 63.98 ppm) and MEG (66.2 ppm) had
one peak well separated from the others. DEG (75.2 and 64.05 ppm), on the other
hand, did not, as both peaks are close to those of TEG. This did not cause a problem
for the accuracy of the DEG in mixed standards of the glycols but can potentially be
a challenge for the quantification of DEG in more degraded samples. Furthermore,
like for the GC-FID method, the new components forming as TEG degraded had
peaks partially overlapping those of the glycols. This affects the accuracy of this
method as well. Quantification was performed using the integral of the least affected
peaks.

The result from the quantification of TEG in the oxidatively degraded samples is
presented in Figure 1. The two analytical techniques show the same degradation
trends for TEG, with only small variations. Even for the most degraded sample, at
day 12, the two analytical methods agree very well.
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Figure 1: Quantification of oxidatively degraded TEG (100 °C, 24% O) with GC-FID and NMR.

The results from the quantification of MEG and DEG are presented in Figure 2 and
Figure 3. The two analytical methods give results that coincide for the quantification
of DEG. For the sample from day 12, there is a higher discrepancy between the two.
The reason for this is not understood. For the quantification of MEG, both techniques
give results showing a steady increase in MEG with time. The values quantified with
NMR, however, are steadily lower than those from the GC-FID analysis. Experiments
with longer recycle delay times (150 s) were conducted to ensure that the relaxation
time for the carbon had not been affected by unknown components in the solutions.
This was not the case. It might be caused by the increased overlapping of the MEG
peak in the NMR spectra as the solvent becomes more and more degraded. It could
also be due to ionic interactions of the smaller glycols with the acidic components in
the solution. A plot showing the linear relationship of the quantification of the glycols
by the two methods is presented in Figure S1 in Supporting Information.

Generally, for both these quantitative techniques, the standard addition method could
have been an option for acquiring more reliable results when peaks were no longer
baseline separated in the most degraded samples. This was found to be problematic
for the degraded glycol samples, though. In a previous study?®, it was found that
mixing formic acid and TEG resulted in the formation of triethylene glycol formate
(CAS: 1240369-67-8), identified by qualitative NMR. As formic acid, as well as other
organic acids, are found in the degraded solutions, this would affect the quantitative
results of a standard addition.
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Figure 2: Quantification of DEG formed through oxidative degradation of TEG (100 °C, 24% Oz2) with
GC-FID and NMR.
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Figure 3: Quantification of MEG formed through oxidative degradation of TEG (100 °C, 24% O2) with
GC-FID and NMR.

The two independent analytical methods tested here show somewhat varying results
for the quantification of the three glycols, TEG, DEG, and MEG. They showed
coinciding results for the quantification of TEG and DEG. For MEG, larger
differences are observed. It is important to remember, that in this work is performed
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on highly degraded samples. The day 12 sample, shown in Figure 3, contains only
20mol% of the original TEG. This level of degradation was selected to detect as many
degradation compounds as possible in the original study. In an industrial process, the
TEG would be far less degraded. Therefore, the quantification of MEG would be less
problematic.

Overall, the quantitative *C NMR experiment is time-consuming and expensive and
is therefore not well suited for quick monitoring of TEG. It is, however, a valuable
technique for acquiring insights into the composition of the degraded solvent. This
can be information on which chemical groups are present in a degraded solution
depending on their chemical shift region, but also characterization of unknown
degradation compounds. GC-FID, on the other hand, is a quick and easy method and
more suitable for at-line monitoring and industrial application. GC-FID has a high
LOQ for TEG due to the column bleed. For very low concentrations of TEG,
quantitative 3C NMR would therefore be a better choice. This would, however, most
likely not be an issue for industrial samples.

The concentration of the small organic acids formed during the degradation of TEG
were quantified with HPLC-UV and HSS analysis. The HPLC-UV method was set
up to quantify the small organic acids, formic, acetic, glycolic, glyoxylic, and oxalic
acid. The structure of these acids is presented in Figure 4. While the HPLC-UV
technique quantifies specific acids, the HSS analysis is a nonspecific method. It gives
the total amount of cationic groups in the sample, which corresponds to the total ion
concentration due to charge neutrality. It should be noted that this entails that for
example oxalic acid will count double. The comparison of the two methods will be
done based on the sum of the acids quantified. Figure 5 presents the sum of the acids
in the oxidatively degraded TEG samples, analyzed with HPLC-UV and HSS
analysis. Overall, the same trend can be seen for both analytical methods. The results
from the HSS analysis, however, are increasingly higher than the sum of the acids
quantified with HPLC. The cause of this is likely that some acids are formed during
the oxidative degradation of TEG that are not quantified with the HPLC method. To
verify this, more oxidative degradation compounds should be identified.

(0] 0]
23 QT TR
HO H HO
H™ "OH )J\OH \)J\OH
(0] 0]
Formic acid Acetic acid Glycolic acid Glyoxylic acid Oxalic acid

Figure 4: Structure of small organic acids, formic, acetic, glycolic, glyoxylic, and oxalic acid.
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Figure 5: Quantification of the acids formed through oxidative degradation of TEG (100 °C, 24% O3)
with HPLC-UV and HSS analysis.

Of the two analytical techniques, HPLC-UV is the most expensive. Though the HSS
analysis is an unspecific analytical technique, it gives a good indication of the status
of the solvent. HSS offers an advantage over pH measurements, as it will determine
the actual acid concentration of the sample, while pH has been proven in the literature
to not correlate with degradation.® If more advanced techniques are unavailable, this
technique is inexpensive and relatively easy to set up. At the same time, it is a
time-consuming analysis and is difficult to automate. This makes it less suited for
quick liquid analysis to monitor the solvent status on-line or at-line.

3.2 Thermally Degraded TEG

The thermal stability of TEG was studied through thermal degradation experiments
with various solutions of TEG. The solutions included in this study were (1) pure
TEG, (2) 30mol% water in TEG, and (3) 2mol% formic acid and 28mol% water in
TEG. The experiment with added water was included, as water would naturally be
present in the dehydration process. The experiment with the added formic acid was
conducted as formic acid is one of the major identified degradation compounds for
TEG. The quantitative results for the glycols presented in this section stem from
GC-FID analysis. Results from some samples analyzed with quantitative *C NMR is
presented in the Supporting Information.

The loss of TEG in the three solutions is presented in Figure 6. The error bars
represent the deviation between the two parallels of each experiment. At 220 °C, the
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thermal degradation is not rapid. After 9 weeks only about 12% loss of TEG is
measured. It should, however, be noted that as the solutions were transferred from the
cylinders to storage containers that the solutions were bubbling. This could indicate
that gaseous degradation products had formed. These would not be included in the
liquid analysis presented above. The gaseous compounds formed could not be
identified or quantified in these experiments but studying these should be included in
future work. The additives do not seem to have any clear effect on the thermal
stability of TEG. It might, however, be difficult to determine due to the low thermal
degradation rates compared to the experimental uncertainty.
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Figure 6: Results from thermal degradation experiments (220 °C) for (1) pure TEG, (2) 30mol% water
in TEG, and (3) 2mol% formic acid and 28mol% water in TEG.

The formation of DEG and MEG in the three experiments is presented in Figure 7
and Figure 8. The samples following the x-axis in the graph were found to be below
LOQ. DEG is formed in all three solutions and in slightly higher quantities for the
two solutions containing water. MEG, however, is only formed in solutions
containing water, and most in the solution containing water and formic acid. The
thermal degradation of TEG seems to be affected by the presence of impurities,
especially formic acid.
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Figure 7: Formation of DEG in thermal degradation experiments of TEG (220 °C).
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Figure 8: Formation of MEG in thermal degradation experiments of TEG (220 °C).

Little is known about the thermal degradation mechanisms of TEG. Forster* proposed
a radical splitting of the TEG, resulting in smaller fragments such as MEG and DEG.
A general overview of this radical fragmentation is shown in Scheme 1. In general,
water is not expected to have a solvent effect on radical reactions.?° It can, however,
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help with the proton transfer necessary for the radical hydrogenation (RH) step by
forming OH" radicals.?* This might be what is giving the enhanced formation of MEG
and DEG in the solutions with water present. Whether formic acid has a similar effect
with its readily available proton, or if another mechanism is taking place, is unclear.
Additionally, the formation of the radical fragments could potentially result in the
formation of larger polymeric components. Further work should include the
identification of more thermal degradation components.

Ho™ O OH
/ TEG \
HO/\/O- + _/\O/\/OH HO . + 'O\/\O/\/OH
l RH l RH
MEG DEG

Scheme 1: Overview of the possible radical fragmentation of TEG occurring during thermal
degradation.

None of the small organic acids could be detected by HPLC during the thermal
degradation experiments. In the solutions initially containing formic acid, the acid
was depleted in one week. Karl-Fischer titration was used to investigate water
formation in the solution without any initial water. Only small quantities (201
mmol/kg, 0.4wt%) were found. This could stem from still unknown thermal
degradation mechanisms of TEG, or it could potentially be present due to the
hygroscopic nature of TEG. No other thermal degradation compounds have been
identified.

3.3 Color

Degradation has been reported to cause color change in degraded glycol solutions.
For the degradation of MEG, increased degradation, i.e., the concentration of
degradation products, has been found to give an increasingly deep color to the
solution.’ In this study, the oxidatively degraded TEG samples were without any
color even though 80mol% of the TEG had degraded. The thermally degraded TEG
samples, on the other hand, had a yellow tint even with their low degradation. In our
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other article, oxidatively degraded TEG samples at high temperatures (150 °C,
6% O>) also acquired a yellow tint. In this case, the degradation was high, and no
metals were introduced to the system.?® It is difficult to conclude what is causing the
color change in the degraded TEG. From what is seen in these experiments, it does
not seem to be caused by high degradation of TEG alone. As color change was
observed in the thermal degradation experiments where little degradation was
achieved, it could point to that the color is caused by the presence of specific
degradation components formed at high temperatures, and potentially also the
presence of metals. Overall, one should be careful with using color as an indicator of
the solvent’s “health”.

3.4 Recommendations for Sample Storage

It has been suspected that neither fresh TEG nor degraded TEG samples are stable
over prolonged periods. To investigate the extent of this, durability tests were
conducted with fresh TEG. The amount of DEG, MEG, formic, acetic, and glyoxylic
acid formed in these solutions after 4 months is presented in Table 4. Glyoxylic and
oxalic acid were not detected in any of the solutions. As can be observed from these
results, it only took 4 months for the samples at room temperature to get substantial
degradation product formation. Decreasing the temperature was effective as it
reduced the amount of degradation products formed. Formation of DEG and formic
acid were, however, still occurring to some extent.

Table 4: Formation of DEG, MEG, formic, acetic, and glycolic acid in samples of TEG in closed vials
stored in a fridge and at room temperature.

Component Fridge [mmol/kg] Room temperature [mmol/kg]
DEG 36.5* 66.7*
MEG <LOD 57.9
Formic acid 9.67 57.5
Acetic acid <LOQ 251
Glycolic acid <LOQ 1.53

* 11 mmol/kg of DEG was found in the fresh TEG solution.

As seen from these results, some regard should be taken when storing TEG samples.
At the very least, samples should be stored at cold temperatures. Potentially,
blanketing the samples with nitrogen will reduce the possibility for additional
oxidation of the sample. The best option is of course to perform any analysis of the
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samples within a reasonable timeframe of sampling to avoid these problems
altogether.

4 Conclusions

This work has focused on investigating possible methods for monitoring glycol
degradation with solvent analysis. Four analytical methods were successfully
employed. Oxidatively and thermally degraded triethylene glycol (TEG) samples
were studied.

Initially, methods for quantifying the solvent glycol and some of the degradation
compounds were set up. Two component groups in focus were the glycols, TEG,
diethylene glycol (DEG), and ethylene glycol (MEG), and the small organic acids,
formic, acetic, glycolic, glyoxylic, and oxalic acid. Two independent methods were
chosen for each component group to validate the analytical methods.

TEG, DEG, and MEG in the oxidatively degraded TEG samples were quantified with
gas chromatography coupled with flame ionization detection (GC-FID) and with
quantitative carbon-13 nuclear magnetic resonance (**C NMR) spectroscopy. For
TEG and DEG, both methods gave coinciding results. For the quantification of MEG,
the values found with NMR were lower than the ones found with GC-FID for the
more degraded samples. This could be due to the peak overlapping in the NMR
spectra of the degraded samples. This is not expected to be a problem when applied
to industrial sample, as these are not expected to reach this level of degradation.

The acidic degradation compounds in the oxidatively degraded samples were
quantified with high-performance liquid chromatography coupled with ultraviolet
detection (HPLC-UV) and heat-stable salt (HSS) analysis. Both methods show the
same overall trend, but the values registered by the HSS analysis were higher than
the HPLC-UV results, indicating the presence of some unidentified ionic degradation
compounds in the degraded TEG.

Thermal degradation of TEG was studied through three sets of solutions: pure TEG,
30mol% water in TEG, and 2mol% formic acid and 28mol% water in TEG. The effect
of the impurities on the rate of TEG loss was difficult to discern, but the formation of
MEG and DEG were increased by the presence of water and additionally by the
presence of formic acid. This could be caused by the impurities' ability to aid in the
proposed radical mechanism during MEG and DEG formation. No other degradation
compounds were detected. Further work should include identification of more
thermal degradation compounds.
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There does not seem to be a clear correlation between the level of degradation of TEG
and the color of the solvent. Solvents with very little degradation acquired a yellow
tint, while very degraded samples remained colorless. High temperature and the
presence of metals might be underlying factors, but more work needs to be conducted
to get a better understanding of these observations. TEG can degrade if stored over a
long period. Formic acid and DEG were found to have formed in fresh TEG samples
stored in the fridge for 4 months. Care should be taken to avoid invalid analytical
results for stored samples.
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A. Numerical data

Table S1: Quantification of TEG, DEG, and MEG in oxidatively degraded samples (100 °C, 24vol%
0:2) by GC-FID and (quantitative *C) NMR.

TEG DEG MEG
Day GC-FID NMR  GC-FID NMR GC-FID NMR
0 6.66 6.70 <LOD <LOD <LOD <LOD
2 5.57 5.79 0.22 0.22 0.29 0.25
3.09 2.88 0.69 0.65 0.97 0.64
241 2.15 0.77 0.76 1.13 0.81
12 1.12 1.29 0.92 0.72 1.73 1.37

Table S2: Sum of small organic acids quantified by HPLC-UV and ionic components quantified by
HSS in oxidatively degraded samples (100 °C, 24vol% O2).

Day  HPLC-UV  HSS

0 0
2 0.59 0.74
7 2.53 2.72
12 4.95 6.00

Table S3: GC-FID quantification of TEG in thermally degraded TEG solutions (120 °C).

TEG, formic acid, and

Pure TEG TEG and water water

Week [mmol/kg] [mmol/kg] [mmol/kg]

P1 P2 P1 P2 P1 P2
0 6652 6652 6326 6326 6319 6319
1 6477 6520 6190 6242 6024 6241
3 6156 6452 6058 6192 6005 5940
5 6166 6218 5985 6065 5830 5771
7 6149 6031 5753 5868 5420 5721
9 5761 5878 5361 5697 5629 4976
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Table S4: GC-FID quantification of DEG in thermally degraded TEG solutions (120 °C).

Pure TEG TEG and water TEG, formic acid, and

water
Week [mmol/kg] [mmol/kg] [mmol/kg]
P1 P2 P1 P2 P1 P2
0 0 0 0 0 0 0
1 0 0 6.39 8.62 6.71 8.88
3 68.7 71.0 69.7 69.4 67.3 67.4
5 97.3 106 116 122 145 120
7 109 105 142 136 151 157
9 117 124 192 156 170 200
Table S5: GC-FID quantification of MEG in thermally degraded TEG solutions (120 °C).
Pure TEG TEG and water VRS, TG B, Bl
water
Week [mmol/kg] [mmol/kg] [mmol/kg]
P1 P2 P1 P2 P1 P2
0 0 0 0 0 0 0
1 0 0 0 0 0 0
3 0 0 41.0 40.8 52.9 50.9
5 0 0 50.6 495 109 91
7 0 0 67.2 68.2 125 118
9 0 0 131 101 157 172

Table S6: Comparison of the quantification of TEG in thermally degraded TEG samples (220 °C) with
GC-FID and (quantitative *C) NMR.

CG-FID NMR

Week [molikg]  [mol/kg]
1 6.50 6.49
5 6.19 6.24
9 5.82 5.83
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B. Additional graphs
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Figure S1: Linear relationship of the quantification of TEG, DEG, and MEG with GC-FID and NMR.
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Chapter 8

Oxidative Degradation of Triethylene
Glycol

This chapter contains a manuscript on the oxidative degradation of triethylene glycol.
The effect of temperature and oxygen on the stability of TEG was studied. Oxidative
degradation products were identified and quantified. In addition, mechanisms for the
formation of these are proposed.

Manuscript:

Hoisxter, Karen K.; Buvik, Vanja; Gonzalez, Susana V.; Vevelstad, Solrun; &
Knuutila, Hanna K. Oxidative Degradation of Triethylene Glycol. Under revision.
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Abstract

Triethylene glycol (TEG) is unstable in the presence of oxygen and at high
temperatures, though the degradation mechanisms occurring are not properly
understood. In attempting to close some of the knowledge gaps, laboratory-scale
degradation experiments have been conducted to assess the effect of temperature and
oxygen on the stability of TEG. Oxidative degradation experiments with TEG and
ethylene glycol (MEG) were conducted.

The oxidative degradation mechanism seems to change with temperature and oxygen
concentration. Multiple oxidative degradation compounds of TEG were detected and
quantified. These included MEG, diethylene glycol (DEG), formic acid, acetic acid,
glycolic acid, formaldehyde, acetaldehyde, and water. Formic acid, MEG, and DEG
are the dominant identified degradation products both at high temperatures and at
high oxygen concentrations. In addition, the formation of CO, and larger, polymeric
glycols was confirmed. The carbon and mass balance indicate unidentified
degradation products in both the liquid and the gas phase.

Keywords

Gas dehydration, oxidative degradation, glycols
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1 Introduction

When extracting natural gas from reservoirs, it typically consists of a complex
mixture of components, including water.>? The presence of water during processing
and transportation can cause problems. The most severe one is the potential clogging
of the pipelines caused by the formation of crystalline structures called hydrates.3*
These are cages of water surrounding smaller molecules, such as methane. Corrosion
can also occur, as water condenses on the equipment.®>® Additionally, the presence of
water in the natural gas increases the volume of the gas, while decreasing the heating
value.” To reach quality specifications for transportation and sale, water must
therefore be removed from the natural gas.

The most used technique to achieve this is glycol dehydration.>#° During this process,
the wet natural gas is brought into contact with a glycol solvent and the water is
absorbed. The water can afterwards be released from the glycol by applying heat,
regenerating the glycol for reuse. Ethylene glycol (MEG), diethylene glycol (DEG),
triethylene glycol (TEG) and tetraethylene glycol (TREG) are commonly available
glycols for dehydration. For this application, they have high absorption efficiency,
can be easily regenerated, are in themselves non-corrosive, have a minimal capacity
to absorb hydrocarbons and have a low cost.” Of the beforementioned glycols, TEG
is the most common glycol used in the industry.’® This is because it gives lower
solvent losses and has a higher thermal degradation temperature than the others,
meaning that a higher purity of the lean glycol is possible to achieve.

When glycols are exposed to oxygen or high temperatures it can lead to oxidative or
thermal degradation of the glycol. The degradation products formed can cause
operational issues, such as foaming, corrosion, and loss of performance.”!* Glycol
degradation is an acknowledged problem, but little has been published on the
degradation reactions taking place or on the compounds formed. Of the glycols
mentioned above, most literature is available on the degradation of MEG. Of the
remaining, the published literature is scarce.

In this work, we endeavor to identify the degradation patterns of TEG. To do this,
oxidation experiments have been conducted at lab-scale. In the oxidative degradation
experiments, the effects of oxygen and temperature were studied by varying these
parameters in solutions of pure TEG. As a comparison, and to gain a better
understanding of the chemical reactions taking place during the degradation of TEG,
oxidative degradation of MEG was also studied. In addition to studying the effect of
oxygen and temperature on the stability of TEG, this study aimed at identifying and
quantifying degradation products.
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1.1 Oxidative Degradation

Oxidative degradation, often called thermal oxidative degradation, is the degradation
mechanisms occurring when the glycol decomposes in the presence of an oxidizing
agent, such as oxygen. In general, the literature on the oxidative degradation of TEG
is lacking. There is, however, some literature available on the oxidative degradation
of other glycols than TEG. This can be of relevance for the degradation of TEG, as
the likeness in the structure of the glycols can make the chemical reactions occurring
for other glycols transferable to the TEG system.

Mokhatab et al.” describe that as TEG oxidatively degrades, corrosive acids are
formed. This is supported by Forster,'> who further proposed that the oxidative
degradation of TEG occurs through oxidation reactions of the ether groups to form
peroxide radicals. These then degrade into smaller compounds, like smaller glycols
(e.g., MEG), ethers, esters, organic acids, and aldehydes. These are presented as
possible products of the degradation, but no data on their formation is provided. Their
formation, however, is supported by literature on comparable reactions of ether and
alcohol oxidation.™®

In a study performed by Lloyd et al.**, the oxidative degradation of DEG is studied.
They report that formic acid, formaldehyde, diethylene glycol formate, water, MEG,
and 1,3-dioxolane is formed during autoxidation of DEG. In addition to these,
peroxides were suspected to have formed. No CO, was detected in the gas phase
during these experiments.

The literature on MEG degradation describes mainly the formation of organic acids,
formic acid, acetic acid, glycolic acid, oxalic acid, and glyoxylic acid.*>*8 These are
expected to form through the oxidation of the alcohol groups. There is a focus on
these in the literature, as they have been found to be a simple but good indicator to
determine the state of the glycol.*® Brown et al.? reports the formation of CO, during
the oxidative degradation of aqueous MEG solutions and Psarrou et al.'® propose the
formation of water during the oxidation, but no data is provided for the latter.

Oxidative degradation of TREG has been reported to result in radical reactions
forming hydroperoxides of the ethers in a study by Glastrup et al.?* and Glastrup?.
Hydroperoxides of the glycol ethers were reported to form through radical reactions.
In addition, the oxidation of TREG was found to result in bond breakage and
formation of a shortened glycol molecule and formic acid. The formed formic acid
was reported to react with TREG to form monoTREG formate followed by diTREG
formate.
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2 Materials and Methods
2.1 Chemicals

All solutions were prepared gravimetrically. The chemicals used in the experiments
and analyses are listed in Table 1. Oxygen (O, N5.0) was purchased from AGA. The
deionized water was obtained from the local water purifying system at NTNU.

Table 1: Details on chemicals used in this study.

Chemical name Abbrev. Structure CAS-number Purity
Triethylene o) OH
glycol 2 TEG HO™ " 112-27-6 > 99%
Diethylene DEG O 111-46-6 > 99%
glycol 2 HO OH 0
Ethylene glycol @ MEG HO/\/OH 107-21-1 > 99%
0]
Acetic acid 2 - 64-19-7 > 99.8%
)J\ OH
Ji§
Formic acid 2 - 64-18-6 > 98%
H OH
0]
Glycolic acid @ - HO 79-14-1 99%
JJ\OH
0]

i ida _ H 1o 50wt% in
Glyoxylic acid \H)J\OH 298-12-4 water
0]

0]
Oxalic acid ® : HO\H)kOH 144-62-7 > 99%
0]
Glycolaldehyde i Q 141-46-8 )
dimer ? HO\)J\H
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0
Glyoxal @ i H%H 131543-46-9  A0WU%n
water
0

=0

Formaldehyde 50-00-0 -b
H H
Q b
Acetaldehyde - 75-07-0 -
)J\H
Sulphuric acid 2 H2S04 7664-93-9 95-98%
Ethanolamine MEA Ho > NH2 141-43-5 99%

@ Purchased from Sigma-Aldrich Norway AS/Merck Life Sciences.

b Analysed by an external laboratory. Purity is not available.

2.2 Experimental Procedure

To study the oxidative degradation mechanisms of TEG, experiments were performed
in a custom-made semi-open batch setup, as shown in Figure 1. The glass reactors
(1.5 L) were filled with 1.2 L of glycol and placed in electrical heating mantles from
ITA with magnetic stirring. Condensers cooled to 5 °C by a water bath were
connected to the reactors. The gas, a blend of nitrogen and oxygen, entered the system
through mass flow controllers at 200 mL/min and was introduced into the solutions
through glass spargers (grade 1). The gas was recycled with a pump. Using the pump
allowed the large circulation of gas and enhanced contact between the solutions and
oxygen, while the small addition of oxygen and nitrogen blends ensure relatively
constant oxygen concentration in the circulating gas. A small fraction of the gas was
bled out of the system through a 2,4-dinitrophenylhydrazine (DNPH, 800 mg)
cartridge and an acid wash (1M H,SO.). A similar approach to studying oxidative
degradation has been employed previously in several works.?

The degradation experiment of TEG was conducted in the oxidative degradation set-
up in two sets. In the first set, pure TEG was degraded at 75, 100, 125, and 150°C,
with 6vol% oxygen in the gas flow. In the second set, pure TEG was degraded at
100°C, with oxygen concentrations of 1vol%, 6vol%, 12vol%, and 24vol%. Lastly,
an additional experiment with TEG was conducted at 100 °C, with 24vol% oxygen.
During this experiment, the DNPH cartridge and the acid wash were removed and
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replaced by three base washes (30wt% MEA, aqg.), to capture and identify acidic
components in the bleed gas. Lastly, the oxidative stability of MEG was studied in
the degradation set-up. Two experiments were conducted with 24vol% O, one at 100
°C and one at 150 °C. All experiments were conducted with two parallel runs, and all
the results are presented as averages of two experiments.

DNPH
cartridges | |

JEAN
xzaliih

Electrically
heated reactor

Y

Gas wash bottles

Figure 1: Schematic of degradation set-up used for the oxidative degradation experiments. The two
parallels were run simultaneously on two identical set-ups.

2.3 Analytical Methods

Quantification of ethylene glycol (MEG), diethylene glycol (DEG), and triethylene
glycol (TEG) was done using Gas-Chromatography coupled with a Flame lonization
Detector (GC-FID). This was done on an Agilent 7890A equipped with a DB-WAX
Ultra Inert fused silica column (length 30 m, inner diameter 0.25mm, film thickness
0.25 um). The samples were diluted with methanol to contain <1000 ppm glycol. The
accuracy of the method was 3%, and the precision was 1%. The analytical method is
described in detail elsewhere.?*

Small organic acids were analyzed using High-Performance Liquid Chromatography
coupled with an Ultraviolet detector (HPLC-UV). The method was performed on a
PL1170-6830 (Agilent HiPlex H) column. Real samples were diluted in MilliPore
water to approximately 50000 ppm of the sample and filtered through 0.2 um syringe
filters before analysis. The accuracy for the quantification of formic acid and acetic
acid was 2%, glycolic acid was 4%, glyoxylic acid was 8%, and for oxalic acid it was
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10%. The precision for all acids was 2%. The analytical method is described in detail
elsewhere.*

Aldehydes captured in the DNPH cartridges and acid washes, as well as acids and
nitrogen-containing components in the base washes, were analyzed by SINTEF
Industries using High Performance Liquid-Chromatography (HPLC) coupled with a
Mass Spectrometer (MS). All analyses were performed on an Agilent Technologies
1290 Infinity with an Agilent Technologies 6495 Triple Quad MS. For the analysis
of formaldehyde and acetaldehyde an Ascentis® Express C8, 2.7 Micron HPLC
column (53843-U) was used. The ionization technique was electrospray ionization
(ESI). LOQ for both analytes were 10 ng/mL, and the uncertainty of the method was
+ 3%. Before analysis, the samples were diluted and derivatized with DNPH. Formic,
glycolic, and acetic acid were analyzed using a Waters Acquity UPLC HSS T3
column (100A, 1.8um, 2.1 x 150 mm) and ESI. LOQ was 100 ng/mL, 10 ng/mL, and
50 ng/mL for formic, glycolic, and acetic acid, respectively. The uncertainty of the
method was + 3% for formic and acetic acid and + 5% for glycolic acid. Sample
preparation consisted of dilution and derivatization with 3-nitrophenylhydrazine. The
concentration of MEA in the base washes was analyzed on an Ascentis® Express
Phenyl-Hexyl, 2.7 um HPLC column and ESI. LOQ was 1 ng/mL, and the uncertainty
was + 3%. Lastly, the various amine-containing species were analyzed on a
Discovery® HS F5 HPLC column and with EI. Samples were diluted before analysis,
and the uncertainties were £ 5%. Compounds and their LOQ are presented in Table
Al in Supporting Information.

The water concentration in the end samples was measured by Karl Fischer titration.
This was performed by SINTEF Industry on a Mettler Toledo V20 with a volumetric
titration method. The solvent used was Methanol dry (Hydranal®) and the titrant was
Composite 5 (Hydranal®). Each sample was analyzed two times and the presented
value is the average of these results. For the degraded TEG samples, the highest
relative standard deviation was 4%.

Amine titration with sulfuric acid (H2SO4, 0.2 N) as described by Ma’mun et al.?® was
used to analyze the concentration of MEA in the base washes. This procedure has an
uncertainty of < 2%.

Total Organic Carbon (TOC) analyses were performed on a Shimadzu TOC-LCPH
analyzer equipped with an auto sample injector (ASI). The total amount of organic
carbon in the end samples was determined by total carbon (TC) mode, subtracting the
total inorganic carbon (TIC). The CO; content in the base washes was also determined
by TIC analysis. The instrument was calibrated with a TC calibration standard
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(1000 mg/L) acquired from Sigma-Aldrich for the TOC analysis and sodium
bicarbonate (NaHCOs, CAS: 144-55-8) for the TIC analysis. Samples were diluted
1:10000 with MilliPore water. The calibration range was 0-500 ppm. This was done
over three calibration curves, 0-25 ppm, 25-150 ppm, and 150-500 ppm, which all
had R>0.9995. The uncertainty was < 2%.

The Nuclear Magnetic Resonance (NMR) experiments were performed at 26.8 °C on
a Bruker 600 MHz Avance Il HD equipped with a 5 mm cryogenic CP-TCI
z-gradient probe. The lock solvent was deuterated water (D.0), and the internal
reference standard was tri(trimethylsilyl)phosphine (TMSP). These were added to
coaxial inserts placed inside the NMR tubes. The coaxial insert was filled with D,O
and TMSP (2wt%), while the outer NMR tube was filled with the solution to be
analyzed. For shift assignments, H, 3C, COSY (correlation spectroscopy), HSQC
(heteronuclear single-quantum correlation spectroscopy), and HMBC (heteronuclear
multiple-bond correlation spectroscopy) NMR spectra were obtained. The spectra
were analyzed in the software Bruker TopSpin 4.0.7.

Two analytical setups were used for the MS scans of the most degraded samples, on
a GC-MS system and one on an Ultra-Performance Liquid Chromatography
(UPLC)-MS system. The samples from the experiment were diluted with methanol
to 700 ppm. When running coelutions with standards, the solutions were diluted so
the degraded samples had concentrations of 250 ppm and the standards had
concentrations of 70 ppm. The GC analysis of the samples was performed with an
Agilent 7890A gas chromatograph with an injector ALS 7683B autosampler coupled
to an Agilent 5975 single quadrupole mass spectrometer. Chromatographic
separation was performed on a DB Wax-Ul GC Column (30 m x 0.25 mm inner
diameter x 0.25 pum film thickness), keeping the carrier gas flow (helium) at
1 mL/min, and the transfer line and the injection port temperatures at 250 °C. One
short and one extended temperature method were performed. The short method’s
temperature program was as follows: starting at 100 °C for 1 min, followed by a
temperature increase at a rate of 10 °C/min to 250 °C and held for 4 min. The overall
analysis time for one sample with the selected temperature program was 20 min. The
extended method’s temperature program was as follows: starting at 100 °C for 1 min,
followed by a temperature increase at a rate of 10 °C/min to 250 °C and held for
1 min, then temperature increase by 1°C/min to 260 °C, and held for 5 min. The
overall analysis time for one sample with the extended temperature program was
35 min. The injection volume was 1 pL in splitless mode and the solvent delay was
set to 5 min. The mass detector was operated in full scan mode (from 30 m/z to
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550 m/z) using electron impact ionization (El) set at 70 eV. The source temperature
was set to 230 °C and the quadrupole to 150 °C.

The LC analysis was performed using an ACQUITY UPLC | Class® system
connected to a Synapt G2-S Mass spectrometry detector (Waters Corporation,
Milford, USA) with positive electrospray ionization sources (ESI+). 200 ng/mL of
leucine enkephalin was used as a Lockmass at a flow rate of 10 puL/min to allow
correction of exact mass measurements. An Acquity UPLC HSS T3
(2.1 mm x 100 mm, 1.7 um) chromatographic column was used for reverse-phase
separation. Instrumental blanks were run before and after every sample to check for
carryover or cross-contamination. A mix of water:methanol (95:5) with 2 mM
ammonium acetate (A) and methanol with 2 mM ammonium acetate (B) was used as
mobile phase. The injection volume was 1 pL and the flow rate was 0.3 mL/min. The
chromatographic gradient used was: initial conditions 100% A; 0.00-1.00 min,
100-80% A; 1.00-6.00 min, 80-55% A; 6.00-13 min, 55-20% A; 13.00-14.00 min,
20-5% A; 14.00-17.00 min, 5% A; 17.00-18.00 min, 5-100% A; 18.00-22.00 min,
100% A. The column temperature was maintained at 35 °C. The capillary voltage
was set at + 2.50 kV (ESI+), the desolvation flow was fixed at 800 L/h with a
desolvation temperature set at 350°C and the cone voltage set at 20 V. Source
Temperature was set to 120 °C. The full scan spectra were acquired within a range of
50 to 1500 m/z. The UPLC-QTOF-MS data was acquired using Masslynx V4.1 and
processed with Progenesis QI V2.3 (Waters, Milford, USA).

3 Results and discussion

The focus of this work was to identify degradation patterns in TEG and assess the
effect of different parameters on degradation. This has been done through two sets of
oxidative degradation experiments with pure TEG: one with varying temperatures of
the liquid and one with varying oxygen concentration in the gas flow. The results
from these will be presented in Sections 3.1 and 3.2, respectively. Following this, the
mass balance will be evaluated in Section 3.3 and the identification of additional
degradation products by mass spectrometry (MS) will be presented in Section 3.4.
Lastly, the results from the oxidative degradation of MEG will be presented in
Section 3.5. All degradation data given will be presented as figures. The error bars
included in the plots represent the standard deviation between the two parallels. Data
for these, and associated analyses, are given in Section B in Supporting Information.
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3.1 Effect of temperature

In the first set of oxidative experiments, the focus was on studying the effect of
temperature on the oxidative degradation mechanisms of TEG. This was done
through the degradation of pure TEG at four different temperatures. The temperatures
were: 75 °C, 100 °C, 125 °C, and 150 °C. In all four cases, the oxygen content in the
gas was 6%. Each experiment was supposed to last for 14 days, but the experiments
at 125 °C and 150 °C were ended after 11 and 17 days, respectively, due to problems
with temperature control. In both cases, there was a temperature drop in the solutions,
possibly due to a change in the solvent composition. For the experiment at 150 °C,
the temperature in both reactors dropped to 120-121 °C on day 7. Turning the effect
of the heating mantle up on the two parallels over the next two days resulted in
boiling/vapor formation in both solutions, while the temperature did not exceed
130-135 °C. Over these two days, the color of both solutions changed from light
yellow to red/orange. On day 9, the temperature was back up to 146-147 °C and the
boiling had stopped. The experiment at 125 °C had a similar temperature drop during
day 9 when the temperature dropped to 120-121 °C. For this experiment, however,
the heater effect was kept constant, and the experiment ended on day 11.

During the oxidative degradation experiments, the concentration of TEG was
monitored with GC-FID. The results from the experiments at different temperatures
are presented in Figure 2. The oxidative degradation rate increases with increased
temperature. This is in line with what has been suggested in the literature.*2
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Figure 2: Effect of temperature on the oxidative degradation of TEG (6% O3) at various temperatures.
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Figure 3: Effect of temperature on the formation of MEG during oxidative degradation of TEG (6% O2).
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Figure 4: Effect of temperature on the formation of DEG during oxidative degradation of TEG (6% Ox).

The formation of monoethylene glycol (MEG) and diethylene glycol (DEG) was also
monitored throughout the experiments with GC-FID. The results are presented in
Figure 3 and Figure 4, respectively. Small amounts of DEG were found in the start
solution of TEG, though these were below LOQ. The increase in temperature results
in an increase in the formation rate of both MEG and DEG. There is, however, little
distinction between the amounts of MEG formed at 100 °C and 125 °C. The reason
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for this is unknown. In general, MEG was found in larger quantities than DEG,
though throughout the experiment at 125 °C they are found at almost identical
concentrations. Higher concentrations of MEG can either point to DEG having a
shorter lifetime as an intermediate or that the mechanism forming MEG is favored.

The formation of MEG and DEG can be expected to stem from the oxidation of the
ether groups of TEG.'® Depending on which side of the ether groups the radical
propagation occurs, either MEG or DEG can be formed. Scheme 1 shows a proposed
oxidation pathway for the formation of DEG. In this case, the oxygen radical breaks
the ether bond on the side closest to the alcohol group. After the termination of the
radical by radical hydrogenation (RH), the result is DEG and glycolaldehyde
(CAS: 141-46-8). If the oxygen radical breaks the ether bond on the other side
following the same reaction path, MEG would be formed, see Scheme 2 a). The
resulting aldehyde would in this case be 2-(2-hydroxyethoxy)acetaldehyde
(CAS: 17976-70-4). Once DEG is formed, it is also possible that MEG forms from
the oxidation of DEG. A proposed oxidation path for this is shown in Scheme 2 b).
In this case, glycol aldehyde would be formed. Both aldehydes can potentially be
further oxidized to form their corresponding carboxylic acids.
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1/2 0,
— (0] n OH

H O/\/o\/\o/\/OH
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o
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HO O "on ~——— o O H)J\/OH
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Scheme 1: Proposed oxidation path for the formation of DEG from TEG.
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Scheme 2: Proposed oxidation path for the formation of MEG from TEG (a) or DEG (b).

Formic, glycolic, acetic, and glyoxylic acids were analyzed with HPLC and found to
have formed in all these experiments. Figure 5 shows the formation of formic acid.
The formic acid buildup increases with increasing temperature. At higher
temperatures, however, the effect of this increase seems to lessen. A possible
explanation can be the increased volatility of the acid at higher temperatures. To
investigate this, the acid washes of the end solutions were analyzed, and formic acid
was detected. It was, however, not found in significant amounts compared to the
concentrations in the reactors. Ruling this out, a likely possibility can therefore be
that the oxygen concentration becomes the limiting factor at a certain temperature
above 100 °C. The concentrations of the organic acids found in the acid washes are
presented in Table B5 in the Supporting Information.

Glycolic and acetic acid, presented in Figure 6 and Figure 7, were formed in lower
concentrations than formic acid. In both cases, the formation does not seem to be
temperature dependent. Above 100 °C, the formation of glycolic acid goes down.
This can be because it further oxidized more quickly at higher temperatures, thus
becoming a less stable intermediate. It can also be that at temperatures above 100 °C,
reactions between glycolic acid and other compounds in the solution become more
favorable. These were not detected in the acid washes. Oxalic acid was only formed
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in a concentration above the LOQ at the end of the experiments, while glyoxylic acid
was not detected at all.
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Figure 5: Effect of temperature on the formation of formic acid during oxidative degradation of TEG
(6% Oz).
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Figure 6: Effect of temperature on the formation of glycolic during oxidative degradation of TEG
(6% 02).
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Figure 7: Effect of temperature on the formation of acetic during oxidative degradation of TEG (6% Oz).

The detected acids are known oxidative degradation products of MEG. It is therefore
conceivable that they are formed as secondary degradation products of MEG in the
degraded solutions. A proposed oxidation path of the acids starting from MEG is
presented in Scheme 3. This pathway follows a general oxidation route where
alcohols are oxidized to aldehydes, and aldehydes are oxidized to carboxylic acids.
Each step would consume 0.5 mol O, and could potentially produce one mole of
water. The last step of this pathway is the decarboxylation of oxalic acid, forming
formic acid and CO,. Theoretical studies of the decarboxylation from oxalic acid to
formic acid and CO; have been performed in other works.?® Similar pathways have
been proposed for oxidation reactions of MEG on palladium and platinum?”28, If
glycolaldehyde forms in the routes to MEG and DEG, as presented in Scheme 1 and
Scheme 2, the oxidation of this will also contribute to the acid formation.

The reaction path presented in Scheme 3 covers all the acids detected in the
experiments except acetic acid. However, the formation of acetic acid can be
accounted for as an expected oxidation product from the oxidation of acetaldehyde,
as presented in Scheme 4. The formation of acetaldehyde will be covered later in this
section. The presence of glyoxal and glycolaldehyde was also tested with HPLC-UV
and -RI, but these were not detected in any of the samples.
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Scheme 3: Proposed oxidation path from MEG to form the different organic acids.

Acetaldehyde Acetic acid

Scheme 4: Oxidation of acetaldehyde to acetic acid.

To investigate the possible formation of water during the oxidative degradation of
TEG, the water concentration in the start and end solutions was measured by
Karl-Fischer titration. Since the degradation rig is semi-closed and the gas is dry, the
water that was found was expected to have formed through the degradation of
compounds in the solution. Figure 8 shows the amount of water formed in the
different experiments. As the experiments had different durations, the values are
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normalized to show formation per day the experiment ran. It can be observed that
with the increase in temperature, and thus the increase in TEG degradation, increasing
amounts of water were formed.
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Figure 8: Formation of water per day during the oxidative degradation of TEG (6% O3) at various
temperatures.

In reactions including alcohols and carboxylic acids, water is typically formed
through dehydration reactions like etherification and esterification. Etherification is
a typically acid-catalyzed dehydration reaction between two alcohol groups, forming
an ether. Scheme 5 a) shows a general etherification reaction. Depending on which
glycols are reacting in this dehydration, bigger glycol compounds could be formed.
Esterification is also typically acid-catalyzed and occurs as an alcohol attacks the
carbon in a carboxyl group. A simplified reaction is shown in Scheme 5 b). Also, in
this case, the resulting ester depends on which glycol and which acid is reacting.

a) R-OH + R—OH — R-O-R; + H,O

O 0]

b) M+ ron — MR, o+ H>0

R® OH R™ O

Scheme 5: a) General etherification reaction resulting in the formation of water and b) general
esterification reaction resulting in the formation of water.

A DNPH cartridge and an acid wash were added to the bleed gas outlet of the
oxidation rig. With these connected, volatile, organic compounds such as small
aldehydes could be captured and detected if these formed during the degradation
experiments. The compounds that were analyzed are formaldehyde and acetaldehyde.
The total amount of each compound captured in the DNPH cartridge and acid wash
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in each experiment, normalized per day, is shown in Figure 9. At the two lower
temperatures, the concentrations of formaldehyde are quite low, while in the higher
temperature ranges, more is being captured. This can be both because more of the
compounds are formed at the higher temperatures, but also because the evaporation
is higher. The formation of acetaldehyde seems to increase with the increasing
temperature but falls again at 150 °C. The cause of this is unknown. If it is an
intermediate, it might be that the relative rate of formation and disappearance reaction
changes with the temperature. It should be noted that it is uncertain whether all the
volatile compounds formed were captured, so the actual amount formed might be
higher than what is presented in the graph.
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Figure 9: Total amount of captured formaldehyde and acetaldehyde in the DNPH cartridge and acid
wash (1M H2SOa4) per day during the oxidative degradation of TEG (6% O3) at various temperatures.
The values are corrected to correspond to per mass of the end solution in the reactor.

The formation of the aldehydes can occur along the formation of MEG and DEG, as
described in Scheme 1 and Scheme 2. The formation of acetaldehyde could also be
taking place through a rearrangement reaction from MEG. This rearrangement
involves a hydrogen migration. The mechanism for this rearrangement reported to be
the most favorable by Smith? is presented in Scheme 6 a). The formation of
formaldehyde could potentially happen through a rearrangement of the oxidized
MEG, following a radical propagation (RP) and an addition of a hydroperoxyl radical.
In addition to formaldehyde, formic acid would be formed through this reaction. This
proposed oxidation rearrangement is presented in Scheme 6 b). Forster'? reported the
formation of ethanol and methanol during the degradation of TEG. These are not
analyzed in this work due to a lack of suitable analytical methods. However, if these
are formed, acetaldehyde and formaldehyde can also form through the oxidation of
these.
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Scheme 6: a) Rearrangement mechanism from MEG to acetaldehyde?® and b) proposed oxidation
rearrangement from MEG to formaldehyde and formic acid.

3.2 Effect of oxygen concentration

In the second set of experiments, the effect of varying the oxygen concentration on
the oxidative degradation of TEG was investigated. This was done through four
oxidative degradation experiments of pure TEG at 100 °C, with 1%, 6%, 12%, and
24% oxygen in the gas flow. As in the previous set, the TEG degradation was
monitored using GC-FID. The resulting loss of TEG in these experiments is shown
in Figure 10. The degradation rate increases substantially with oxygen concentration.
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Figure 10: Effect of oxygen on the loss of TEG (100 °C) with various oxygen concentrations.
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Figure 11: Formation of MEG during oxidative degradation of TEG (100 °C) with various oxygen
concentrations in the gas flow.
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Figure 12: Formation of DEG during oxidative degradation of TEG (100 °C) with various oxygen
concentrations in the gas flow.
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The results from the analysis of MEG and DEG are shown in Figure 11 and Figure
12, respectively. The formation rates increase with the increase in oxygen available
in the system, and in all experiments, MEG was formed in larger quantities than DEG.
At the three lower oxygen concentrations, the formation of MEG and DEG follows a
similar trend. At 24% oxygen, however, the formation of DEG seems to somewhat
stagnate, while the MEG formation still has a steep increase. This can indicate that
DEG is an intermediate that reaches an equilibrium at a certain stage.

The concentration of formic, glycolic, and acetic acid formed in these experiments
are presented in Figure 13, Figure 14, and Figure 15, respectively. The formation of
all three acids increases with the increase in oxygen concentration. For the experiment
with 1% O, only formic acid is found above LOQ. The formation of formic acid with
24% in the gas flow is quite substantial, as it even surpasses the concentration of TEG
in the system. Temperature and oxygen concentration do not seem to influence any
favoritism of the acids. Although almost all acids were in higher concentration in this
set of experiments, the formation of the acids is in the same order in the experiments
with varying temperatures. In both cases, formic acid is the predominant acidic
compound formed, followed by acetic acid and then glycolic acid. Glyoxylic and
oxalic acid were only detected at the end of the experiment with 24% oxygen.
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Figure 13: Formation of formic acid during oxidative degradation of TEG (100 °C) with various oxygen
concentrations in the gas flow.
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Figure 14: Formation of glycolic acid during oxidative degradation of TEG (100 °C) with various
oxygen concentrations in the gas flow.
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Figure 15: Formation of glycolic acid during oxidative degradation of TEG (100 °C) with various
oxygen concentrations in the gas flow.

The formation of water was also measured for the solutions with increasing oxygen
concentration. The resulting water concentrations are presented in Figure 16. The
values are normalized to show formation per day the experiment ran. With an increase
in oxygen concentration in the gas flow, the formation of water increases linearly.
The water formation in the experiment at 150 °C and 6% oxygen was 0.51 mol water
formed per mol TEG degraded, while it was 0.88 in the experiment at 100 °C and
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24% oxygen. Hence, increasing either oxygen concentration or temperature increased
the degradation rate, but this difference in water formation indicates that the
degradation mechanisms are not the same.
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Figure 16: Formation of water per day during oxidative degradation of TEG (100 °C) with various
oxygen concentrations in the gas flow.
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Figure 17: Total amount of captured formaldehyde and acetaldehyde in the DNPH cartridge and acid
wash (1M HzSO4) per day during the oxidative degradation of TEG (100 °C) with various oxygen
concentrations in the gas flow. The values are corrected to correspond to per mass of the end solution
in the reactor.

Volatile, organic compounds were also captured in the experiments with higher
oxygen concentrations. Figure 17 presents the total amount captured in the DNPH
cartridge and the acid wash (1M H2SQO4) normalized per day. With an increase in
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oxygen concentration, an increase in the formation of both compounds can be seen.
The formaldehyde found at 1% oxygen is unexpected. At this oxygen concentration,
there was very little degradation of TEG. It is unclear what is the reason for this, but
the formaldehyde was found in both parallel experiments.

3.3 Mass and carbon balance

By summarizing the masses of the quantified degradation products and comparing
this to the total mass of the end solutions, an estimate of the unidentified degradation
compounds in the solution can be made. An overview of the composition of the end
solution of the two experiments with the highest degradation in the two sets of
experiments is presented in Figure 18. “High temperature” is the solution from day 7
of the experiment at 150 °C and 6% oxygen, while “High O, concentration” is the
solution from day 12 of the experiment at 100 °C and 24% oxygen. The term marked
“Unknown” accounts for the mass in each end-solution not covered by the quantified
degradation products. It is important to note that as oxygen is added to the solutions,
some of the detected mass might stem from oxygen that was not in the solution
originally. Likewise, volatile degradation compounds have left the system, reducing
the mass. Nevertheless, 20% and 27% of the mass in the end-solutions are not
accounted for by the quantified degradation compounds.
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Figure 18: Overview of the different components’ contribution to the total mass of the end solutions in
high temperature (150 °C, 6% O3, day 7) and high O2 concentration (100 °C, 24% O2, day 12)
experiments.

An interesting side note when comparing the composition of these two degraded
solutions is their color. After the experiment with the highest oxygen concentration,
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the solution was still transparent and colorless like pure TEG. During the experiment
at the highest temperature, however, the solution got a yellow tinge. This indicates
that the component or components giving color to the solution have probably not been
identified and are predominantly formed at high temperatures.

To further investigate the possibility of volatile degradation compounds no longer in
the system, the total amount of carbon at the beginning of the experiments was
compared to the amount of carbon detected in the solutions with TOC analysis.
Figure 19 shows the overview of the carbon in the solutions with the highest loss of
TEG in the two sets. The part named “Unknown” is the total sum of organic carbon
detected in the solutions with the carbon accounted for by the quantified degradation
compounds subtracted. The remaining part, named “Lost”, corresponds to the
difference in carbon found in the end sample compared to the start sample of pure
TEG. Glyoxylic acid, formaldehyde, and acetaldehyde are not included, as they do
not contribute significantly to the end sum.

High O: concentration _

0% 20% 40% 60% 80% 100%
Relative amount of carbon

B TEG mDEG EMEG oOFormic acid mAcetic acid B Glycolic acid £2Unknown &% Lost

Figure 19: Overview of the different components’ contribution to the carbon balance in high
temperature (150 °C, 6% Oz, day 7) and high Oz concentration (100 °C, 24% O, day 12) experiments.

As becomes clear from this overview, some carbon-containing compounds have left
the system and have not been trapped or analyzed in the cartridges or the acid washes.
A probable candidate as a volatile, carbon-containing degradation product is CO,. As
shown in the oxidation path in Scheme 3, CO can potentially form through the
decarboxylation of oxalic acid. It might also be formed through the decarboxylation
of bigger compounds containing carboxylic acids. The mechanism of a general
decarboxylation reaction is shown in Scheme 7.* To investigate the possible
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formation of CO. during the degradation of TEG, a new experiment with pure TEG
was conducted with the purpose of capturing CO.. Instead of the DNPH cartridge and
acid wash, three base washes (30wt% MEA, ag.) were added to the outlet of each
reactor. MEA is a well-known solvent commonly used for capturing CO; industrially.
The reaction occurs between two moles of MEA with one mol of CO; resulting in the
formation of MEA-carbamate and protonated MEA. 3! The reaction is presented in
Scheme C1 in Supporting Information.

/‘ o o)
Scheme 7: General decarboxylation mechanism.®

The CO- captured in the base washes was analyzed with TIC and the total alkalinity
with titration. These results can be found in Section C in the Supporting Information.
The end solutions of the base washes were then analyzed with LC-MS for
quantification of the organic acids and possible compounds formed through the
reaction of MEA and the different acids.®? In the latter category, the main compounds
detected were (2-hydroxyethyl)-formamide (HEF, CAS: 693-06-1) and
N-(2-hydroxyethyl)-acetamide (HEA, CAS: 142-26-7) shown in Figure C2 in the
Supporting Information. These compounds are expected to stem from the reaction
between MEA and formic acid and acetic acid, respectively. The resulting carbon
balance for the last experiment is presented in Figure 24. In the carbon sum, each
HEF molecule detected was assumed to stem from formic acid leaving the
degradation setup. Oxidative degradation of MEA itself has been shown to form both
HEF and HEA, but this is not expected to contribute significantly here due to the low

0% 20% 40% 60% 80% 100%
Relative amount of carbon

BTEG mDEG EMEG O Formic acid
= Acetic acid B Glycolic acid z1Unknown ECO: (BW)
OFormic acid (BW) i:Lost

Figure 22: Overview of the different components’ contribution to the carbon balance in the oxidative
degradation experiment of TEG (100 °C, 24% O3, day 14). BW indicates components detected in the
base washes.
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temperature in the base washes.®® The base washes were also analyzed with GC-FID
to determine whether any glycol had left the system. None were detected. With
regards to the CO,, though it was captured and quantified, it is plausible that some
have escaped due to mass transfer limitations. Attempting to identify more of the
unknown components in the solution.

3.4 Identification of New Degradation Compounds

In attempting to identify some of the unknown compounds in the liquid phase of the
degraded TEG, a GC-MS analysis and a UPLC-MS analysis were conducted. Scans
of the solution from day 12 of the experiment at 100 °C and 24% oxygen were
conducted. The signal identification was confirmed by using standards and the full
scan EI mass spectra of the identified compounds were in agreement with available
MS Library spectra (NIST MS library). Additionally, some standards were acquired
based on theoretically possible degradation compounds. All compounds positively
identified with GC-MS are presented in Table 2, and all compounds tested with
standards are presented in Section E in Supporting Information. All identified
compounds were identified by retention time (RT) matching with known standards.
However, a potential positive identification of 12-Crown-4 was debunked. This was
because, even though the retention times and mass matched with a compound in the
degraded solution, their fragmentation patterns did not match.

Processing the UPLC-MS data, Progenesis DFS studio software was used to create a
library with mol files of possible molecules of interest. The peaks that were tested
were based on this library, as well as the online Chemspider library. In addition, the
tentative identifications were limited to those with ppm error below 5 ppm, and with
the highest isotopic similarity and fragmentation score. From the results, one peak
was tentatively identified, presented in Table 2. A standard was not available for the
confirmation of this compound. Additional data for the UPLC-MS analysis can be
found in Table D3 in Supporting Information.

The route for the formation of tetraethylene glycol and pentaethylene glycol is likely
through etherifications of various glycols. In the reaction mixture, TEG, DEG, and
MEG are known to be present. From these, tetraethylene glycol can either form
through the etherification of a TEG and a MEG or from two DEG molecules.
Likewise, pentaethylene glycol can form either through the etherification of
tetraethylene glycol and MEG or from TEG and DEG. These reactions result in the
formation of a water molecule, as presented in Scheme 5. The formation of the bigger
glycols opens the possibility for bigger polymerization compounds being formed over
longer timespans. Diethylene glycol monoethyl ether is likely formed through the
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dehydration reaction of TEG. This reaction is acid catalyzed and like the
etherification reaction it results in the formation of a water molecule. The formation
of diethylene glycol monoethyl ether presents an additional possibility for the
formation of acetaldehyde. Starting with diethylene glycol monoethyl ether and
following an oxidation path as presented in Scheme 1, acetaldehyde and DEG would
be formed.

Table 2: Compounds positively and tentatively identified with MS scans.

Name CAS-number Structure

Positively identified compounds on GC-MS

Diethylene glycol 111-90-0 HO/\/O\/\O/\
monoethyl ether

Tetraethylene glycol 112-60-7 HO{/\/OJH
4

0]
Pentaethylene glycol 4792-15-8 HO{/\/ JH
5

Tentatively identified compounds on LC-MS

Triethylene glycol o O _H
yiene gy 1240369-67-8 HO™ >0
formate (0]

The formation of triethylene glycol formate could be the result of a dehydration
reaction with TEG and formic acid. Some tests were conducted to strengthen this
possibility. By mixing the TEG and formic acid at room temperature and analyzing
with NMR, triethylene glycol formate was found to have formed. Details of this test
can be found in Section F in the Supporting Information. The possible formation of
triethylene glycol formate also opens to the formation of other mono- or even
dialdehydes of the glycols. Following a similar reaction path with other acids, various
ethers could potentially form. These possibilities should be further investigated, as
there are still prominent peaks in the spectrums that are unidentified. Further work
should include the identification of these. In addition, quantification of all new
degradation compounds should be attempted to close the mass and carbon balance.
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3.5 Oxidative degradation of MEG

To look closer at the stability of MEG, two oxidative degradation experiments with
MEG were conducted. This is interesting firstly because MEG is a hydrate inhibitor,
which is also in need of regeneration similar to TEG. Secondly, as MEG is a
degradation compound of TEG, knowing how it reacts under similar conditions could
give further insights into the degradation paths of TEG. The first experiment was
conducted with pure MEG at 100 °C and 24% oxygen in the gas flow. This was to
enable comparison with TEG degradation under the same conditions. The second
experiment was conducted with pure MEG at 150 °C and 24% oxygen in the gas flow.
This was done in an attempt to significantly enhance the degradation of MEG and
produce detectable amounts of its degradation products. During this experiment, one
of the reactors had a leakage. The results from the last experiment will therefore stem
from only one parallel.

The resulting MEG degradation was monitored by GC-FID. In both experiments,
MEG degradation was difficult to discern. This was due to insignificant changes in
MEG concentration. No formation of DEG or TEG was detected in the two
experiments. However, during the high-temperature experiment, an unidentified peak
was detected in the GC-FID chromatogram (RT = 5.55 min). Due to the very similar
retention time, this peak possibly stems from something with a similar structure to
MEG.

The formation of the small organic acid was also limited. For the experiment with the
lowest temperature, no acids were above LOD. For the experiment at the highest
temperature, formic acid was detected, but at concentrations below LOQ. Water
formation was detected in the end samples of both experiments. The concentration
was low in both cases, with 5.6 mmol/kg for the experiment with the lowest
temperature and 10.5 mmol/kg for the experiment with high temperature. Both values
were normalized per day the experiments ran.

The formation of acetaldehyde in the two experiments was low. The concentration
normalized per day was below 0.008 mmol/kg. The proposed formation of
acetaldehyde from MEG, see Scheme 7, is acid catalyzed. Due to the low acid
concentration in these solutions, the low formation of acetaldehyde is not unexpected.
The formation of formaldehyde normalized per day was 0.6 mmol/kg for the
experiment with the lowest temperature and 2.3 mmol/kg in the experiment with high
temperature. This can indicate that the formaldehyde formation is temperature
dependent.
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In total, compared to TEG, MEG seems to be very stable under the experimental
conditions. Even with high temperatures and high oxygen concentration combined,
the degradation rate of MEG stays low. Looking back to the acid formation during
the TEG degradation, it was proposed that the formation could stem from the
oxidation of MEG formed as a degradation product of TEG, see Scheme 3. As MEG
seems to be stable under the given conditions, however, the possibility that the acids
are formed through the oxidation of the aldehydes formed during the formation of
MEG and DEG is strengthened, see Scheme 1 and Scheme 2. This is of course not
conclusive, as it is still possible that factors within the degraded TEG system
influence the stability of MEG.

4 Conclusions

The oxidative degradation of triethylene glycol (TEG) increases with temperature
(above 70 °C) and with oxygen concentrations. However, the reaction mechanisms
favored with each variable seem to be different. The degradation products of TEG
detected and quantified were mono- and diethylene glycols (MEG and DEG), formic,
acetic, and glycolic acid, formaldehyde and acetaldehyde, water, and CO,. In the
experiment with increasing oxygen concentration, the formation of all degradation
products increased with the increase in oxygen. The formation of MEG, DEG, water,
formaldehyde, and acetaldehyde increased with the increase in temperature. The
concentration of acids increased when the temperature was raised from 75 to 100 °C,
but the rise diminished with a further increase in temperature. On the other hand, the
formation of acids increased with an increase in oxygen concentration at 100 °C.

A separate oxidative degradation experiment with base washes was conducted to
capture formed CO-. In addition to formic and acetic acid, CO. was captured and
quantified. A mass and carbon balance for the solutions were studied, and it was
found that a considerable part is not accounted for by the degradation products
quantified so far. Also, some carbon-containing compounds are leaving the system
with the gas flow and are not accounted for by compounds identified in the base
washes. Oxidative degradation experiments with MEG showed that MEG is
considerably more stable than TEG under the given conditions. This could indicate
that the degradation products formed do not form with MEG as an intermediate.

An MS scan of the solutions allowed for the positive identification of the
tetraethylene glycol, pentaethylene glycol, and diethylene glycol monoethyl ether.
Furthermore, there are indications from the carbon- and mass balance of here to
unidentified degradation compounds. The identified longer chained glycols open the
possibility of polymerization of glycols. Further work is needed to identify the
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unknown compounds in the degraded TEG solution. One should also investigate what
effect the degradation products, especially the longer chained glycols, has on the
dehydration efficiency of TEG.
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A. Additional experimental data

Table Al: Compounds analyzed with LC-MS by SINTEF Industry with the corresponding LOQ.

Compound CAS LOQ [ng/mL]
N,N’-bis(2-hydroxyethyl)- 5835-28-9 01
ethanediamide
1H-imidazole-1-ethanol 1615-14-1 1.0
N-(2-hydroxyethyl)-formamide 693-06-1 0.1
4-(2-hydroxyethyl)-2-piperazinone 23936-04-1 0.1
N-(2-hydroxyethyl)-acetamide 142-26-7 0.1
N,N’-bis(2-hydroxyethyl)-oxamide 1871-89-2 10
1-(2-hydroxyethyl)-2- 3699-54-5 0.1
imidazolidinone
2-oxazolidinone 497-25-6 1.0
N,N’-bis(2-hydroxyethyl)-urea 15438-70-7 0.1
2-hydroxy-N-(2-hydroxyethyl)- 3586-25-2 0.1
acetamide
1-(2-hydroxyethyl)-2-piperazinone 59702-23-7 0.1
Et’:;((jzr_g{/gtrt?;/(l))/i%lr)lf);cetamide 144236-39-5 01
Diethanolamine 111-42-2 1.0
2-(Methyl)-aminoethanol 109-83-1 0.1
111-41-1 1.0

2-(2-Hydroxyethyl-amino)ethanol




B. Numerical data

Table B1: GC-FID results of quantification of TEG, MEG, and DEG in samples from oxidative
degradation experiment of pure TEG (6% Oz2).

TEG MEG DEG
Tempoerature Day R1 R2 R1 R2 R1 R2
[°C] [mmol/kg] [mmol/kg] [mmol/kg] [mmol/kg] [mmol/kg] [mmol/kg]
0 6676 6676 <LOQ <LOQ <LOQ <LOQ
2 6416 6386 45.4 44.6 71.9 50.7
5 6532 6335 93.8 79.9 100.0 95.7
7 7 5986 6340 145 132 110 99.4
9 6003 6125 194 189 136 142
14 5870 5866 284 241 200 176
0 6564 6564 <LOQ <LOQ <LOQ <LOQ
2 5997 6175 80.2 91.4 102 120
5564 5976 159 175 203 233
100 5582 5409 287 274 383 363
10 4981 5014 385 375 521 511
14 4033 4150 480 463 686 648
0 6445 6445 <LOQ <LOQ <LOQ <LOQ
2 5516 5919 98.7 116 111 128
125 4 5279 5268 189 182 222 200
7 4524 4613 358 326 380 343
9 4051 4178 474 428 453 425
11 3754 3979 560 517 569 530
0 6610 6610 <LOQ <LOQ <LOQ <LOQ
150 2 5611 5407 192 204 204 238
4 5036 4863 314 325 390 407
7 4217 4052 433 459 564 591
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Table B2: GC-FID results of quantification of TEG, MEG, and DEG in samples from oxidative
degradation experiment of pure TEG (100 °C).

TEG MEG DEG
Temrieratu re Day R1 R2 R1 R2 R1 R2
[°C] [mmol/kg] [mmol/kg] [mmol/kg] [mmol/kg] [mmol/kg] [mmol/kg]
0 6317 6317 <LOQ <LOQ <LOQ <LOQ
2 6122 5992 <LOQ <LOQ 439 46.5
5 6157 6325 <LOQ <LOQ 48.9 50.2
1% 7 6128 6251 60.0 60.1 70.0 64.6
9 6075 6433 70.2 68.9 85.9 74.1
11 6248 6369 84.1 67.4 87.8 41.3
14 6414 6480 67.4 94.0 79.9 484
0 6168 6168 <LOQ <LOQ <LOQ <LOQ
2 5767 5534 167 176 128 141
4 5098 5068 294 325 211 233
12% 7 4159 3900 446 484 330 344
9 3783 3618 555 655 420 486
11 3401 3086 656 764 493 552
14 3309 2797 910 974 700 559
0 6661 6661 <LOQ <LOQ <LOQ <LOQ
2 5356 5788 293 357 218 264
4 4550 4205 610 670 437 460
24 % 7 3091 2810 966 1047 693 711
9 2410 2117 1131 1250 770 769
11 1550 1351 1409 1459 918 817
12 1327 1120 1726 1743 922 792
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Table B3: Results from HPLC-UC quantification of formic, glycolic, acetic, glyoxylic, and oxalic acid

in samples from oxidative degradation experiment of pure TEG (6% O>).
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Table B4: Results from HPLC-UV quantification of formic, glycolic, acetic, glyoxylic, and oxalic acid

in samples from oxidative degradation experiment of pure TEG (100 °C).
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Table B5: Quantitative HPLC-UV results of formic and acetic acid in end samples of acid washes
(1M H2S0.) from oxidative degradation experiment of pure TEG.

B Formic acid Acetic acid
[mmol/kg] [mmol/kg]

T =75, [02] = 6%, day 14, R1 5.16 2.25

T =75, [O2] = 6%, day 14, R2 7.48 2.87

T =100, [O2] = 6%, day 14, R1 1.53 3.39

T =100, [O2] = 6%, day 14, R2 2.47 4.29

T = 125, [O2] = 6%, day 11, R1 6.74 6.15

T = 125, [O2] = 6%, day 11, R2 5.03 4.30

T =150, [O2] = 6%, day 9, R1 115 9.81

T = 150, [O2] = 6%, day 9, R2 6.62 5.59

T =100, [02] = 1%, day 14, R1 1.24 0.357

T =100, [O2] = 1%, day 14, R2 0.518 0.366

T =100, [O2] = 12%, day 14, R1 14.1 10.6

T =100, [O2] = 12%, day 14, R2 12.1 8.92

T =100, [O2] = 24%, day 12, R1 247 29.9

T =100, [O2] = 24%, day 12, R2 22.0 19.4

Table B6: Karl-Fischer titration results end samples from oxidative degradation experiment of pure
TEG.

Experiment Water
[mmol/kg]

Undegraded TEG 0.0152
T =75, [02] = 6%, day 14, R1 178

T =75, [02] = 6%, day 14, R2 194

T =100, [O2] = 6%, day 14, R1 1134
T =100, [O2] = 6%, day 14, R2 1032
T =125, [O2] = 6%, day 11, R1 1791
T =125, [O2] = 6%, day 11, R2 1517
T =150, [O2] = 6%, day 7, R1 1300
T =150, [O2] = 6%, day 7, R2 1288
T =100, [O2] = 1%, day 14, R1 73.0

T =100, [O2] = 1%, day 14, R2 53.0

T =100, [O2] = 12%, day 14, R1 2601
T =100, [O2] = 12%, day 14, R2 2998
T =100, [O2] = 24%, day 12, R1 4171
T =100, [O2] = 24%, day 12, R2 5411
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Table B7: LC-MS quantification of formaldehyde and acetaldehyde in end samples of acid washed and
DNPH cartridges from oxidative degradation experiment of pure TEG.

Formaldehyde Acetaldehyde

Experiment

[mmol/kg] [mmol/kg]
T =75, [O2] = 6%, day 14, R1 0.0640 0.00100
T =75, [O2] = 6%, day 14, R2 0.546 0.00119
T =100, [O2] = 6%, day 14, R1 0.0831 0.0445
T =100, [O2] = 6%, day 14, R2 0.116 0.0154
T =125, [O2] = 6%, day 11, R1 7.92 212
T =125, [02] = 6%, day 11, R2 7.78 117
T =150, [02] = 6%, day 7, R1 3.20 0.0195
T =150, [O2] = 6%, day 7, R2 6.32 0.109
T =100, [O2] = 1%, day 14, R1 3.87 0.000497
T =100, [O2] = 1%, day 14, R2 4.23 0.000650
T =100, [O2] = 12%, day 14, R1 4.66 203
T =100, [O2] = 12%, day 14, R2 5.59 755
T =100, [O2] = 24%, day 12, R1 22.9 127
T =100, [O2] = 24%, day 12, R2 24.6 13.8

Table B8: Degradation compounds quantified in the oxidative degradation experiment of pure TEG
(100 °C, 24% O2) connecnted to three base washes (BW, 30wt% MEA, aq.). The amount given for the
base washes is the sum of the component found in all three.

Compound X Rz
[mmol/kg] [mmol/kg]

TEG 1149 829
MEG 1952 2001
DEG 846 711
Fromic acid 5617 6678
Glycolic acid 130 169
Acetic acid 308 348
Glyoxylic acid 48.2 65.0
Oxalic acid 5.93 8.12
HEF (BW) 618 707
HEA (BW) 365 31.2
Formic acid (BW) 89.5 79.2
Acetic acid (BW) 8.23 7.51
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Table B9: Results from TIC analysis and total alkalinity analysis of the base washes (BW, 30wt%
MEA, aq.). In each reactor, three BW were connected in series. BW1 is the first, BW2 is the second, and
BW3 is the last.

Total

Sample [mr(n:cc)iikg] alkalinity
[mmol/kg]

30wt% MEA 0.00591 5.65
R1, BW1, Day 2 0.0962 5.83
R1, BW2, Day 2 0.00483 5.62
R1, BW3, Day 2 0.00659 5.56
R2, BW1, Day 2 0.123 5.78
R2, BW2, Day 2 0.00448 5.58
R2, BW3, Day 2 0.00560 5.48
R1, BW1, Day 4 0.280 6.16
R1, BW2, Day 4 0.00359 5.71
R1, BW3, Day 4 0.00192 5.50
R2, BW1, Day 4 0.322 5.81
R2, BW2, Day 4 0.0142 5.66
R2, BW3, Day 4 0.00302 5.45
R1, BW1, Day 7 0.901 5.21
R1, BW2, Day 7 0.0153 5.58
R1, BW3, Day 7 0.0105 5.15
R2, BW1, Day 7 1.06 5.57
R2, BW2, Day 7 0.0191 5.59
R2, BW3, Day 7 0.00460 5.65
R1, BW1, Day 9 1.64 4.29
R1, BW2, Day 9 0.0393 5.53
R1, BW3, Day 9 0.00646 5.54
R2, BW1, Day 9 1.85 4.14
R2, BW2, Day 9 0.115 5.47
R2, BW3, Day 9 0.0108 5.43
R1, BW1, Day 11 1.12 2.98
R1, BW2, Day 11 1.96 4.98
R1, BW3, Day 11 0.0235 5.44
R2, BW1, Day 11 1.28 2.99
R2, BW2, Day 11 2.66 481
R2, BW3, Day 11 0.109 5.38
R1, BW1, Day 14 0.505 1.95
R1, BW2, Day 14 2.69 4.74
R1, BW3, Day 14 2.15 4.95
R2, BW1, Day 14 0.670 2.05
R2, BW2, Day 14 2.62 4.70
R2, BW3, Day 14 2.84 3.44
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Table B10: Results from the most prominent compounds in the end solutions of the base washes
(BW, 30wt% MEA, aqg.) quantified with LC-MS analysis.

sample Formic acid Acetic acid HEF HEA
[mmol/kg] [mmol/kg] [mmol/kg] [mmol/kg]

R1, BW1, Day 14 257.5 17.92 1677 31.14
R1, BW2, Day 14 10.31 3.918 163.7 42.58
R1, BW3, Day 14 0.8318 2.848 12.04 35.68
R2, BW1, Day 14 221.7 16.81 1867 22.96
R2, BW2, Day 14 15.23 3.042 239.2 38.44
R2, BW3, Day 14 0.8250 2.674 13.75 32.27
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C. Results from 30wt% MEA base washes

0]

HO\/\NJ\ -+ +H3N/\/OH

2 Oy, + co, —— N" o

MEA

Scheme C1: Chemical absorption of CO2 with MEA forming MEA-carbamate and protonated MEA.

The first base washes in the series (1st) do not reach 0.5 mol CO, per mol MEA,
which would indicate a fully loaded solution, but instead stabilize at 0.4 and then
decrease. During this decrease in loading, both the CO, and amine concentrations are
decreasing. This hints at other reactions taking place in this base wash. The
progression of the loading of the amine can be seen in Figure C1 and shows that CO-
indeed is formed as a degradation product during oxidative degradation of TEG.
Therefore, the end sample of the 1st base washes was investigated by NMR. The most
abundant compound in the NMR spectrum was found to be (2-hydroxyethyl)-
formamide (HEF, CAS: 693-06-1), see the following paragraph for shift assignment.
In addition, multiple peaks from other compounds could be discerned but not
identified due to lower peak intensities.

0.6
Z‘ ........... ISt X
M 05 || - +-- 2nd L
E ..... ¥ 3rd + :
Q !
g 0.4 ——— Ty
‘6‘ : g
E 02
en e
._g
S 0l
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0 ez - * Ly ,.*. X L
0 2 4 6 8 10 12 14

Figure C1: Loading [mol CO2/mol MEA] in the three base wash solutions at the outlet of the oxidative
degradation rig during oxidative degradation of TEG (100 °C, 24% O>).
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With regards to the carbon lost from the system, unidentified compounds in the base
washes were detected by NMR but not identified and quantified. Also, the base
washes connected closest to the reactors (1%) quickly gained a deep red color and
became quite viscous. As both HEF, protonated MEA, and MEA-carbamate are
colorless, other unidentified compounds are expected to cause this change.

o o
HO\/\N)]\H HO\/\N)J\
H H
HEF HEA

Figure C2: Structure of HEF and HEA.

Shift assignment of HEF

(2-Hydroxyethyl)-formamide (HEF) is expected to have formed through a reaction
between MEA and formic acid in the base washes (30wt% MEA, ag.). An NMR
analysis of the first base washes showed that the peaks with highest intensities derived
from HEF. Shift assignment and spectra are presented below.

1.
HO
\1/2\”3H

Data for *H NMR (600 MHz, D,0) 8: 7.92 (s, 1H, H-3), 3.49-3.45 (m, 2H, H-1), 3.20-
3.16 (m, 2H, H-2). Data for *C NMR (150 MHz, D;0) &: 166.6 (C-3), 62.6 (C-1),
43.1 (C-2).
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D. MS Data

Table D1: Compounds identified with standard addition in GC-MS.

Name RT [min]  Spiked test CAS Structure
Diethylene glycol 0
6.33 Yes 111-90-0 H O/\/ V\O/\
monoethyl ether
Monoethylene glycol 3.34 No 107-21-1 HO/\/OH
Diethylene glycol 9.66 Yes 111-46-6 Ho/\/o\/\OH
Triethylene glycol 9.97 Yes 112-27-6 Ho/\/ov\o/\/OH
0
Tetraethylene glycol 16.61 Yes 112-60-7 HO H
4
0
Pentaethylene glycol 21.74 Yes 4792-15-8 HO H
5

Table D2: Compounds not found when tested with standard addition in GC-MS.

Name RT [min] CAS Structure
\
9.31 (@)
2-Methoxy-1,3-dioxolane (Diluted in 19693-75-5 O"‘<
diethyl ether) K/o
1,1-Diethoxyethane J\
(acetaldehyde diethyl 9.32 105-57-7 /\O o P
acetal)
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12-Crown-4

Tri(ethylene glycol)
monoethyl ether

15-Crown-5

2-Hydroxymethyl-12-
crown-4

18-Crown-6

Hexaethylene glycol

2-Hydroxymethyl-15-
crown-5

2-Hydroxymethyl-18-
crown-6

2-Ethoxyethan-1-ol

9.66

10.51

13.58

16.17

17.25

31.22

Higher than 35
min

Higher than 35
min

Not detected
under the GC-
MS method
conditions
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o
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E. Triethylene glycol formate experiment

A mixture of 70wt% formic acid in triethylene glycol (TEG) was prepared at
room temperature. An NMR analysis of the mixture showed that triethylene

glycol formate had formed. Shift assignment and spectra are presented below.

(0]
0] OH
o O T

Data for triethylene glycol formate. *H NMR (600 MHz, D-0) §: 8.55 (s, H-
8), 8.50 (s, H-1), 4.70-4.63 (m, H-2), 4.23 (m, H-3), 4.17 (s (br), H-4/H-5),
4.16 (m, H-6), 4.11 (m, H-7). Data for 3C NMR (150 MHz, D;0) §: 166.7 (C-
1), 74.8 (C-7), 72.9 (C-4/C-5), 72.7 (C-6), 71.6 (C-3), 66.5 (C-2).
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Chapter 9

Conclusions and Recommendations for
Future Work

This chapter contains a summary of the findings of this thesis and recommendations
for future work based on these.

9.1 Conclusions

The main objective of this work was to increase the understanding of the chemical
processes occurring as solvents used in gas purification degrade. The solvent systems
studied were amine-based solvents used for CO, capture and glycol-based solvents
used for gas dehydration. The work included a literature study, oxidative and thermal
degradation experiments of amines and glycols, in addition to analytical method
development.

From the gathered pilot plant data presented in the review article on degradation and
emissions in post-combustion CO, capture pilot plants, some interesting conclusions
could be drawn. Pretreatment of the flue gas seems to be a good measure to increase
the solvents stability. When interested in the health of the solvent, not any one
component could be recommended for monitoring. If any, monitoring ammonia in
the gas-phase in combination with the HSS concentration in the liquid phase can be
proposed as a good option, if these are known degradation components of the solvent.
For proprietary solvents, there is not enough data available to draw any conclusions.
When degradation, as well as emission, data is published, there is a general lack in
the reporting of analytical methods used. As an overall tendency, there seems to be
no universal agreement on routines for monitoring, sampling, and reporting
methodology used.

Water-lean solvents are proposed as an alternative to agueous amine solutions. Even
though many systems have been developed or proposed, very little has been done to
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understand how this change in the solvent composition will affect the stability of the
amine. In the first degradation study, the effect of the solvent on the thermal stability
of amines was investigated. Initially, the effect of just the water, amine and CO;
concentration was considered. It was found that the amine and water concentration
does not affect the thermal stability of MEA, but that the CO, concentration does.
Next, in thermal degradation experiments where the water was replaced with TEG,
increased degradation rates were observed. This was the case for primary amine,
MEA and AP, and secondary amines, MMEA and EAE. Due to the high thermal
stability of tertiary amines, no conclusions could be drawn from the experiments with
DMMEA, DEEA, and DMPA. Testing the stability of MEA in other organic diluents,
DEG, MEG, THFA, NFM/water, and NMP, all resulted in increased degradation of
MEA. Parameters possibly affecting the amine stability, such as acid-base behavior,
polarity, and relative permittivities, were investigated, but none were singled out as
the cause. For all solutions tested with MEA, the typical thermal degradation products
were formed. Overall, it seems to be necessary to study each water-lean solvent
system separately to rule out amine stability issues.

When studying the oxidative stability of water-lean solvents, volatility and viscosity
issues caused by the change in solvent composition was found to occur. These were
lessened by using a semi-open setup, but further improvements could be beneficial.
Oxidative degradation experiments of aqueous MEA were conducted, with changing
amine and CO; concentration. Increasing the MEA concentration while keeping the
CO; concentration constant resulted in decreased MEA loss and increased
degradation product formation. Increasing both the MEA and CO; concentration did
not result in any clear trend for the degradation of MEA, but formation of degradation
components increased. It is not clear what caused these discrepancies.

Very little is published on the stability of glycols, and especially triethylene glycol
(TEG). Oxidative and thermal degradation experiments with TEG were conducted
and degradation components were mapped. To do this, analytical methods had to be
developed for the degradation components of TEG. The focus was on finding two
independent methods for the quantification of TEG and the smaller glycols diethylene
glycol (DEG) and ethylene glycol (MEG), and two independent methods for
quantifying the small organic acids, formic, acetic, glycolic, glyoxylic, and oxalic
acid. Gas-chromatography coupled with flame ionization detection (GC-FID) and
quantitative *C NMR were successfully used to quantify the three glycols. High-
performance liquid-chromatography coupled with ultraviolet detection (HPLC-UV)
and heat-stable salt (HSS) analysis were successfully used to quantify the acids.
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With analytical tools in place, thermal and oxidative degradation of TEG were
conducted. Thermal degradation experiments were performed with pure TEG and
with two solutions with added impurities of water and formic acid. It was not possible
to clearly discern any effect of the impurities on the loss of TEG. The formation of
MEG and DEG, however, increased by the addition of water and even more by
addition of formic acid. Gas bubbles were observed in the degraded solutions, but no
other degradation components were identified in the thermally degraded solutions.

Oxidative degradation experiments with pure TEG were conducted to study the effect
of temperature and oxygen on the solvent stability. An increase in both resulted in
increased degradation rates of TEG. The degradation products identified and
guantified were DEG, MEG, formic, acetic, glycolic, glyoxylic, and oxalic acid,
formaldehyde and acetaldehyde, water, and CO.. The formation of all these
degradation products increased with increased oxygen concentrations in the gas. The
formation of MEG, DEG, water, formaldehyde, and acetaldehyde increased with the
increase in temperature. The formation of the acids increased with the increase in
temperature at the lower temperatures but stagnated at the higher temperatures.
Identification of additional degradation compounds, tetraethylene glycol,
pentaethylene glycol, and diethylene glycol monoethyl ether was achieved by a
GC-MS analysis. Oxidative degradation experiments with MEG showed that the
stability of MEG is considerably higher than TEG under the given conditions.

9.2 Suggestions for Future Work

When changing the composition of the amine solvent systems, issues such as
increased volatility and mass transfer limitation of oxygen can arise. Efforts should
be made to reduce these when studying these systems. Semi-open batch setups with
increased gas bubbling or cyclic setups using packings to increase contact between
gas and liquid can be good options. The semi-open batch setups are the easier to set
up of the two, but as the liquid is stagnant, it is not certain that mass transfer
limitations of the oxygen will not be a problem. The gas and the liquid have a lot
more contact in the cyclic system using packing material, so there will not be any
mass transfer limitations in this system. The cyclic system is, however, more complex
to set up, so the necessity should be considered. There are also some points to keep
in mind if introducing water-lean solvents to a cyclic system. First, one must do a
careful selection of pumps and tubing for the setup. Due to the increased viscosity of
these systems, more robust pumps and piping might be required. Furthermore, some
of the organic diluents proposed as cosolvents for water-lean solvent are quite harsh
on the equipment.! So, the setup must be built with materials that can withstand them.
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Cosolvents in a water-lean amine system can potentially be sensitive to oxygen or
elevated temperatures. Analytical methods to keep an eye on these, or their
degradation components, can be useful to understand the chemistry of the system. In
some cases, it might be enough to be able to keep track of the cosolvent itself. If the
degradation components are to be analyzed, some knowledge of the degradation of
the cosolvent would be required.

During the thermal degradation experiments with TEG, little degradation was
observed. This made it difficult to identify degradation components. To be able to
identify more of the thermal degradation products of TEG, working with more
degraded solutions would be advantageous. This could be achieved either by letting
the experiment run for a longer period or by increasing the temperature. Some caution
should be taken if these experiments are conducted in closed systems and more
degradation is to be achieved. During the degradation experiment with low
degradation, gas bubbles were observed in the solutions at the end of the experiment.
This could imply that gaseous degradation components are being formed. If this is
the case, closed systems should be avoided. An experimental setup with the
possibility of gas analysis would be advantageous, to allow identification and
quantification of these gaseous degradation components.

Though many oxidative degradation products of TEG were identified and quantified,
there was still a considerable amount of unknown carbon in the solutions. These could
be interesting to identify, especially as the confirmed formation of some larger
glycols, e.g. tetraethylene glycol and pentaethylene glycol, indicate that larger
polymeric components could be formed. The effect of these, and the other
degradation components, on the dehydration efficiency of TEG should be
investigated.

The analytical techniques used to analyze the degraded glycol solutions are off-line
techniques. For on-line monitoring, there are as for yet no options. An interesting
possibility in this regard is FTIR. This technique has been proposed for online
monitoring in the industry. In addition, it has been used for studying acid formation
of MEG during catalytic oxidation and for quantifying components in systems
containing TEG.2* Development of FTIR as an on-line technique could be beneficial
for quicker evaluation of changes in the system during the dehydration process.
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