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ARTICLE INFO ABSTRACT

Keywords: This study investigates the comparative impact of inherently different biomass and coal ashes on the laboratory
BECCS and pilot scale degradation of 30 wt% aqueous monoethanolamine (MEA), relevant to post-combustion CO3
Monoethanolamine

capture. Thermal and oxidative degradation experiments were carried out at 135 °C and 40 °C respectively with
CO; loading (0.5 molgpy/molyga), with and without the presence of ash. Nuclear magnetic resonance (NMR)
data is provided for the major MEA degradation compounds such as N-(2-hydroxyethyl)formamide (HEF) and N-
(2-hydroxyethyl)imidazole (HEI) along with the characterisation of a new MEA oxidative degradation product,
N-(2-hydroxyethyl)imidazole-N-oxide (HEINO) which had been previously misassigned. Degradation products
were quantified using 'H NMR and gas chromatography mass spectrometry (GC-MS) to assess the impact of
potassium and various ashes from combustion (olive, white wood and two types of coal ash) on the rates of amine
degradation. Woody biomass fly ashes were found to reduce the presence of the oxidative degradation products.
Both types of coal fly ash and the olive biomass ash were found to enhance the formation the newly identified
degradation product, HEINO. Solvent samples taken from a pilot scale facility support these laboratory findings.

Amine degradation
N-(2-hydroxyethyl)imidazole
N-oxide

1. Introduction

Bioenergy with carbon capture and storage (BECCS) is heavily relied
upon by most climate mitigation scenarios as a technology for large-
scale rollout to meet obligations under the Paris Agreement (Anderson
and Peters, 2016; IPCC, 2018). CO» capture and storage (CCS) has, until
recently, primarily been considered as a technology to mitigate the
emissions from coal fired power stations, hence research has focused on
this use and identified the catalytic impact of coal fly ashes on amine
degradation (Chandan et al., 2014; Da Silva et al., 2012). However,
using bioenergy with carbon capture and storage (BECCS) provides the
important potential for negative carbon emissions whilst generating
power (Bui et al., 2018).

Biomass has many different characteristics compared to coal as a
solid fuel for power generation; typically higher in moisture content, low
in sulphur content and a different mix of inorganic components. Woody
biomass pellets are currently the most commonly used biomass fuel for
combustion power plants due to their high energy density, however an

array of different biomass options exist.

Monoethanolamine (MEA) is the most well understood solvent of the
current technologies available for post-combustion capture (PCC),
largely due to its well-established use for the removal of CO, from
natural gas and recent development as a leading technology for post-
combustion COy capture on industrial applications. Efforts are being
made to create solvents with lower energy requirements, alongside
reduced degradation and corrosivity in order to lower the operational
costs associated carbon capture (Wheatley et al., 2019), however MEA
remains an important benchmark to which other solvent technologies
are compared.

The flue gases from both biomass and coal are mostly comprised of
N, CO,, Oy, H20 and NOx along with other minor impurities. Biomass
flue gases are typically much lower in SOx content than coal flue gases
and coal fly ashes have higher quantities of Fe, Al and Si whereas
biomass has higher amounts of K (Finney et al., 2018). However the
impacts of biomass fly ashes on amine degradation has not yet been
reported in any detail. Biomass power stations are fitted with highly

* Corresponding author at: School of Chemistry, University of Leeds, Leeds, LS2 9JT, UK.

E-mail address: C.M.Rayner@leeds.ac.uk (C.M. Rayner).

https://doi.org/10.1016/j.ijggc.2021.103305

Received 20 May 2020; Received in revised form 28 January 2021; Accepted 9 March 2021

Available online 3 April 2021
1750-5836/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


mailto:C.M.Rayner@leeds.ac.uk
www.sciencedirect.com/science/journal/17505836
https://www.elsevier.com/locate/ijggc
https://doi.org/10.1016/j.ijggc.2021.103305
https://doi.org/10.1016/j.ijggc.2021.103305
https://doi.org/10.1016/j.ijggc.2021.103305
http://creativecommons.org/licenses/by-nc-nd/4.0/

D.S. Clery et al.

efficient (>99.9 %) pollutant removal technologies such as electrostatic
precipitators (ESP) or fabric filters, however it is still plausible that small
quantities of fly ash and flue gas impurities will reach carbon capture
facilities. Potassium from biomass is known to volatilise under the high
temperatures of combustion (Clery et al., 2018; Jones et al., 2007;
Knudsen et al., 2004; Mason et al., 2016) before typically condensing on
fine particles or ash deposits. This volatile state may assist K in escaping
from emission removal technologies and thus result in higher presence
within capture facilities. Quantities of these ashes and volatile species
may be small initially but an accumulation effect will occur after pro-
longed periods of operation. As more degradation products are formed,
solvents increase in viscosity and corrosivity, and amine quantities are
reduced, resulting in a reduced absorption capacity until the solvent is
reclaimed, which has an associated cost and some solvent loss (Dumée
et al., 2012). The regeneration of amine solvent is a significant operating
cost associated with carbon dioxide removal, therefore understanding
the expected impact on the degradation of amine solvents used with
biomass combustion is important for the prediction of operational costs
at a full-scale BECCS plant.

Previous literature simplifies the complex cyclical heating and
cooling of a full-scale CO, capture plant into the two types of degrada-
tion that would be expected under the conditions of the main capture
plant components: Firstly the absorber tower, where the flue gas en-
counters the solvent and captures the CO5 — which is represented by
oxidative degradation experiments at low temperature and in the pres-
ence of oxygen. Second, the stripper (desorber) unit, where the CO; rich
solvent is heated (120 °C) causing the CO, to be released and the solvent
to be regenerated — represented by thermal degradation experiments at
high temperatures in the absence of oxygen (although some of the re-
sults in this paper suggest this is a gross simplification and will need to
be reviewed, vide infra).

Previous research in this area has identified 2-oxazolidione (OZD),
N-(2-hydroxyethyl)ethylenediamine (HEEDA) and 1-(2-hydroxyethyl)
imidazolidone (HEIA) to be the main degradation products formed
under thermal degradation conditions with suggested mechanisms (Da
Silva et al., 2012; Davis and Rochelle, 2009; Lepaumier et al., 2009b;
Polderman et al., 1955). Many products have been identified from the
oxidative degradation of MEA including ammonia, volatile aldehydes,
carboxylic acids and major degradation products formed from these
smaller compounds such as N-(2-hydroxyethyl)imidazole (HEI) and the
corresponding N-oxide (HEINO, this work, vide infra), and N-(2-hydrox-
yethyl)formamide (HEF) (Fig. 1) (Da Silva et al., 2012; Goff and
Rochelle, 2006; Rooney et al., 1998; Sexton and Rochelle, 2006). N,
N’-bis(2-hydroxyethyl)oxalamide (BHEOX), 4-(2-hydroxyethyl)piper-
azin-2-one (HEPO) and N-(2-hydroxyethyl)-glycine (HEGly) were not
examined in this study due to the small quantities found in laboratory
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oxidative degradations in previous literature (Da Silva et al., 2012;
Lepaumier et al., 2009a). Previous research found the oxidation of MEA
to be catalysed by redox active metals such as Fe and Cu when dissolved
in the solvent solution which can leach from stainless steels used for the
construction of PCC equipment (Goff, 2005). Oxidative degradation is
the dominant form of degradation in pilot-scale carbon capture facilities
(Da Silva et al., 2012; Strazisar et al., 2003), with thermal degradation
products not being detected in some cases (Léonard et al., 2015). An
early pilot-scale study found high levels of potassium, sodium, calcium
and iron cations in the solvent used, along with high chloride, sulphate,
fluoride and nitrate anion concentrations believed to originate from the
coal fuel used in the study (Strazisar et al., 2003).

The current work builds on previous work examining the degrada-
tion of MEA in the presence of biomass ashes and potassium salts, under
laboratory conditions, and also at pilot-scale through the use of a 250
kW combustion furnace fitted with a pilot-scale CO, capture facility.
Laboratory experiments to examine the thermal degradation of MEA
were carried out using closed-batch experiments at 135 °C in the pres-
ence of full CO, loadings (0.5 molcoa/molyrs). Degradation experi-
ments in the absence of CO, loading were excluded from this work due
to the lack of degradation seen with such conditions (Da Silva et al.,
2012). Laboratory experiments to investigate oxidative degradation of
MEA used an open-batch system at 40 °C with compressed air bubbled
through solvents at 0.15 L/min with full CO, loading (similar to Da Silva
etal., 2012). The impacts of adding biomass ashes, coal ashes and KCl to
laboratory experiments was investigated. The laboratory experiments
were compared with CO3 loaded MEA samples obtained from a 250 kW
combustion furnace and a pilot-scale CO capture facility, run separately
on biomass and coal flue gases. All samples (from laboratory and pilot
plant experiments) were analysed by the same techniques: proton nu-
clear magnetic resonance (\H NMR) and gas chromatography — mass
spectrometry (GC — MS) for product formation, and inductively coupled
plasma optical emission spectrometry (ICP-OES) for leached metals
quantification.

2. Experimental methods
2.1. Chemicals and ashes

MEA (ethanolamine) and KCI (99 % purity) were purchased from
Alfa Aesar. mCPBA, OZD, HEEDA, HEIA, HEI, HEF, HEA and BHEOX
were all purchased from Sigma Aldrich. These chemicals were used for
product identification and equipment calibration.

The Pilot-scale Advanced Capture Technology (PACT) facilities in
Sheffield, UK provided two fly ash samples used by this study: a coal ash
and a wood ash. Five ashes were used in total by this study: PACT coal

o 0
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2
-/ H
0zD HEEDA HEIA HEF
2N OH @O OH 0
N7 N NTONT M _oH
\—/ A\—/ H
HEI HEINO HEA
(this work)
0 0 |/\NH
H H
N OH N
HO™ ™ 7\/&”/\/ o~ MNHon o~ Ao
o)
BHEOX HEGIy HEPO

Fig. 1. Major thermal, oxidative and pilot plant degradation products of monoethanolamine (MEA).
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ash, PACT wood ash, coal ash #1, olive ash and white wood ash. Coal
ash #1 was provided by a coal fired UK power station. The olive ash and
white wood ash were prepared from the combustion of milled olive-
processing residues and graded wood pellets for industrial use using a
Carbolite AAF 1100 furnace in accordance with the European Standard
methods for the determination of ash (EN 18,122). All ash samples were
characterised by SOCOTEC UK Limited.

2.2. Laboratory-scale thermal MEA degradations

Thermal degradation experiments were carried out using stainless
steel batch reactors stored under heated conditions (135 °C) as the most
established method for examining the effects of thermal degradation
within the laboratory (Davis and Rochelle, 2009; Léonard et al., 2015;
Lepaumier et al., 2011). To investigate the impact of biomass ash and
potassium chloride on the thermal degradation of MEA in the presence
of CO,, a batch of 30 wt% MEA solution (150 mL, prepared using
deionised water), was sparged with CO, at a rate of 0.3 L/min for 120
min to obtain a loading of 0.5 mol of CO5 per mole of amine, which was
confirmed with NMR spectroscopy. Small samples (20 mL) of the loaded
solution were poured into a 2-inch diameter 304 stainless steel cylinders
purchased from StillDragon Europe, which were then sealed using an
end cap, tri-clamp and Teflon gasket before being kept in a Memmert
oven (model 600) at 135 °C for 6 weeks.

The compositional data for the white wood ash and coal ash #1 used
in the thermal MEA degradation experiments are provided in Table 1.
The white wood ash was prepared using a Carbolite AAF 1100 furnace at
550 °C in accordance with the European Standard methods for the
determination of ash (EN 18122). The coal ash #1 is a fly ash from a coal
fired UK power station. The quantities of ash added to each degradation
were in line with previous literature (Da Silva et al., 2012) at 3.4 g of ash
per kilogram of MEA solution, equating to 0.068 g of ash in the MEA
samples (20 mL) used in these thermal degradation experiments.

To examine the effect of KCl on thermal MEA degradation 30 mM KCl
(99 %) was added to the amine solvent, equating to 45 mg in the small
samples (20 mL) used in these experiments as an exaggeration of the
highest quantities of KCl that are likely to be deposited in a capture
solvent.

2.3. Laboratory-scale oxidative MEA degradations

To investigate the impact of biomass ash and potassium salts on the
oxidative degradation of MEA, an apparatus set-up similar to previous
MEA oxidation experiments was used (Da Silva et al., 2012): An MEA
solution (30 wt% prepared using deionised water, 250 mL) was placed in
a 500 mL round bottom flask fitted with air and CO, sparger, and
warmed to 40 °C, as illustrated in Fig. 2. The solution was initially
loaded fully (¢ =0.5 mol of CO5 per mole of amine) by sparging 0.3
L/min of COy through the solvent for 2 h. This was followed by a
sparging of compressed air at 0.15 L/min for 21 days, with periodic
sparging with CO2 (0.3 L/min for 30 min every 3 days) to regenerate or
maintain a high loading level — essential to the oxidative degradation
process. Small aliquots (5 mL) were taken every 3 days in order to track

Table 1

Ash composition data for ashes used in thermal degradations of MEA.
Content” White wood ash Coal ash #1
Al,03 2.5 20.8
Fe,03 2.1 9.3
CaO 29.3 2.9
MgO 5.9 1.9
Na,O 2.2 2.3
K20 10.0 1.7
Mn30y4 2.1 <0.1
SiO, 16.6 58.2

* All contents reported on a ‘percentage in ash’ basis.
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the degradation.

The compressed air was first sparged through water to saturate the
air and minimise any moisture losses in the solvent round bottom flask
which would affect the measured MEA concentrations in solution. Vol-
umes of solvent were measured before and after experiments, however
no significant water losses were seen throughout the degradation
experiments.

The compositional data for the four ashes used in the oxidative
degradation experiments (PACT wood ash, PACT coal ash, coal ash #1
and olive ash) are provided in Table 2. Two of these ashes were collected
from the candle filter at the PACT facilities during the combustion of
woody biomass, PACT wood ash, and a coal from the El Cerrejon region,
PACT coal ash.

The pilot combustion facility holds a down-fired pulverised fuel
furnace operating with interchangeable burners and feeding systems for
the firing of biomass and coal solid fuels (Szuhanszki, 2014). Natural gas
was used to preheat the furnace with temperatures of 1350 °C at the top
of the furnace and approximately 1200 °C just above the heavy fly ash
collection water tray. The facilities are fitted with particulate removal
equipment similar to that used by a full scale biomass combustion plant -
a cyclone was custom built for the facility while the candle filter is a
Glosfume ceramic biomass filter unit. Fly ash samples from the candle
filter were collected from a large ash collection tray at the bottom of
filter at the end of each day, with an hour of firing provided to reach
steady state conditions. The ashes were collected from the candle filter
apparatus to obtain fine ash samples after firing from the 250 kW air
combustion furnace, making the ash composition most similar to those
that would be encountered by carbon capture facilities. Coal ash #1 was
provided by a coal fired UK power station. The olive ash was prepared by
combusting milled olive-processing residues using a Carbolite AAF 1100
furnace at 550 °C in accordance with the European Standard methods
for the determination of ash (EN 18122). The quantities of ash added to
each degradation are in line with previous literature at 3.4 g of ash per
kilogram of MEA solution, equating to 0.85 g ash in the MEA samples
(250 mL) used in these experiments.

To examine the effect of KCl on oxidative MEA degradation 23 mM
KCl (99 %) was added to the amine solvent, equating to 0.43 g in the
MEA samples (250 mL) used in these experiments as an exaggeration of
the highest quantities of KCl that are likely to deposit in a capture
solvent.

2.4. Pilot-scale MEA degradations

Samples of 30 wt% MEA were obtained from the Pilot-scale
Advanced Capture Technology (PACT) facilities in Sheffield, UK. Sol-
vent samples were rich in CO, and were taken from the bottom of the
absorber tank, so are considered to be loaded, and had been exposed to
oxygen but without subsequent thermal treatment in the stripper. The
solvent had been used to capture carbon dioxide from the 250 kW
pulverised fuel air combustion furnace burning either biomass or coal.
These were the same combustion trials from which the PACT wood ash
and PACT coal ash samples were obtained for oxidative laboratory
degradations described in the previous section. In both cases the solvent
was unused prior to the 3 day test campaign. The white wood pellets
used are typical of the biomass currently used for biomass power gen-
eration in the UK. The biomass used is low in ash and fixed carbon
content compared to the coal, but high in volatiles (Finney et al., 2018).
The coal has a higher carbon content than biomass and higher in Al, Si
and Fe content — all of which are typical for coal. Fe is of particular
importance due to its known catalysis of oxidative degradation of amine
solvents along with Cu (Sexton and Rochelle, 2009). In contrast, the
biomass ash contains higher K and Mn contents than the coal ash — high
Mn is also important due to its known activity as an oxidation catalyst.

The pilot combustion facility holds a down-fired pulverised fuel
furnace capable of operating in air-fired combustion conditions for
biomass and coal (Szuhanszki, 2014). The combustion rig was operated
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Fig. 2. Open-batch oxidative degradation set-up.

Table 2

Ash composition data for ashes used in oxidative degradations of MEA.
Content* Olive ash PACT wood ash PACT coal ash Coal ash #1
Al,O5 1.2 4.1 19.9 20.8
Fe,03 0.9 4.7 14.3 9.3
CaO 10.3 18.3 19.3 2.9
MgO 3.0 3.8 3.4 1.9
Na,O 0.6 3.9 4.2 2.3
K0 34.8 21.0 1.7 1.7
Mn304 <0.1 1.9 0.3 <0.1
SiO, 11.2 7.6 29.6 58.2

* All contents reported on a ‘percentage in ash’ basis.

and monitored by Dr. Janos Szuhanszki of the University of Sheffield
through a local Human-Machine Interface (HMI). The flue gases from
the furnace of each trial encounter particle removal technologies, a
cyclone and candle filter, the arrangement of these has been provided in
previous literature (Finney et al., 2018). After the particulate removal
technologies, a flue gas desulphurisation (FGD) system using sodium
hydroxide was used for the removal of SO for coal flue gases of two days
out of the three day (30 h) trial, as it is a high sulphur fuel. For the
biomass trial, the FGD unit was operated as a direct contact cooler (DCC)
unit by using water to cool the flue gas as biomass is a lower sulphur
content fuel (Finney et al., 2018). A fan is used after the FGD to pres-
surise the flue gas through the CO5 absorber where the gas contacts the
30 wt% MEA solvent and CO, reacts with the counter flowing solvent

and is thus removed from the flue gas. The FGD and pilot post com-
bustion capture plant was monitored by Dr. Muhammad Akram of the
University of Sheffield, who operated the plant during both trials and
provided rich MEA samples from the bottom of the absorber tank. De-
tails on the pilot-scale carbon capture plant have been reported previ-
ously (Akram et al., 2016).

2.5. Analyses

Proton nuclear magnetic resonance (*H NMR) was employed as the
preferred method of quantitative analysis for CO; loadings and tracking
of the major degradation product formation. Gas chromatography-mass
spectrometry (GC-MS) was used to validate these findings and compare
degradation rates between the cases with and without ashes or potas-
sium chloride. Inductively coupled plasma optical emission spectrom-
etry (ICP-OES) was used to quantify metals present in the solvent
solutions.

2.5.1. Nuclear magnetic resonance (NMR)

In 2014 Perinu et al. published a review of NMR spectroscopy
applied to amine capture systems which highlighted the reliability of 'H
and 1C NMR for fast and reliable method for the quantitative analyse of
many common species associated with the absorption of COy by MEA
solutions. This included the identification and quantification of MEA,
carbamate, and oxidative degradation products (Ciftja et al., 2012;
Wheatley et al., 2019). Therefore the current work used 'H and '3C NMR
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analysis to monitor the CO5 loadings of samples throughout the duration
of experiments and the formation of major degradation products (OZD,
HEEDA, HEIA, HEI and HEF).

Fig. 3 illustrates how the chemical shifts of MEA in water arise at
3.57 ppm and 2.71 ppm. Increasing quantities of CO5 added to the 30 wt
% MEA sample, the MEA peaks are seen to move further downfield and
the carbamate peaks are seen to increase as a triplet at 3.58 ppm and
multiplet at 3.15 ppm. MEA signals move further downfield as it reacts
with CO; to form the carbamate and the protonated amine base, how-
ever the rate of proton exchange between the free base and the pro-
tonated base is considerably faster than the NMR timeframe, hence the
peaks seen are a combination of the two forms (Wheatley, 2017). As
more CO; is absorbed by the solvent, more and more protonated MEA is
formed, thus explaining the movement of the peaks seen for MEA. The
chemical shifts for the protons and carbons associated with MEA,
carbamate and the degradation products are provided in Table 3.

For both thermal and oxidative degradations, 'H NMR spectroscopy
was used to identify and quantify the products formed from aqueous
MEA. A small aliquot of the solvent (0.5 mL) was added to an NMR tube
along with DO (75 pL) to provide a lock frequency. Approximately 100
mg of each purchased degradation product was weighed into D20 (0.5
mL) to obtain a NMR spectra for each pure product as a reference. The
NMR data for the pure products could then be used to identity the
spectroscopic peaks from the degraded MEA samples in D;0. Samples of
the degraded solvent were also spiked with the purchased or indepen-
dently synthesised degradation products to confirm these chemical shifts
under sample conditions, where factors such as pH and concentration
can influence shift measurements.

NMR spectra were obtained using Bruker Avance III HD-400 spec-
trometer operating at 400 MHz for 'H and 100 MHz for '3C. D,0O was
employed as the most commonly used compound (Perinu et al., 2014) to
provide a deuterium lock for the spectrometer and 4,4-dimethyl-4-sila-
pentane-1-sulfonic acid (DSS) was used as a reference peak, with § =
0. A solution of 13 mg of DSS was prepared in D0 (10 mL) for the
addition of 75 pL to each NMR sample. Chemical shifts were recorded
downfield from this DSS peak at 0 ppm, with product peaks integrated
with respect to the known quantity of DSS, in order to calculate the
quantities of each degradation product. Proton and carbon assignments
in this work are based on an appropriate combination of correlation
spectroscopy (COSY), heteronuclear multiple-bond correlation spec-
troscopy (HMBC) and heteronuclear multiple-quantum correlation
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spectroscopy (HMQC) as forms of two-dimensional nuclear magnetic
resonance (2D NMR) analysis methods that can be used to identify
which proton shifts correlate with neighbouring proton or carbon shifts.
NMR data is reported using the following abbreviations; s = singlet, d =
doublet, t = triplet.

Fig. 4 shows a stacked NMR spectra for the oxidative degradation
experiments whereby signals for MEA (Fig. 3) are enlarged off scale, so
the lower level impurity signals are now clearly visible. From the
stacked plot it can be observed that oxidative product peaks are seen to
grow in the aromatic region (6.5—9 ppm) of the NMR spectra (and
others) over the experimental period. These peaks were assigned to the
associated degradation product by comparison with NMR spectra of the
pure products and spiking of degraded MEA samples.

2.5.2. Gas chromatography-mass spectrometry (GC-MS)

GC-MS was used for analysis of volatile amine degradation products.
The degraded solvent (1 mL) was placed in a 2 mL borosilicate glass vial
before being covered with aluminium crimp seals and loaded in to the
GC-MS autosampler. Analyses were complete using a Perkin Elmer
Clarus 580 gas chromatograph equipped with an autosampler and Per-
kin Elmer Clarus 560 mass spectrometer (inert XL EI/CI MSD with triple
axis detector). A Rtx-35 Amine Column (30 m x0.32 mm x1.00 pm) with
helium carrier gas was used for separation of the degradation products
with an initial oven temperature of 100 °C held for 10 min, followed by a
ramp rate of 5 °C/min to 250 °C where it was held for 10 min, (InjAauto
=250 °C, Split = 5:1, Solvent Delay =2.50 min, Transfer Temp =250 °C -
Source Temp =180 °C, Scan: 10-300 Da). Calibration standards were
made for each of the degradation products to enable peak identification
and calibration curves of known degradation products. The times for the
associated elution of HEEDA, HEF, OZD, HEI and HEIA were 12.3 min,
17.3 min, 21.2 min, 24.6 min and 34.4 min respectively, which were
confirmed with doped sample runs.

2.5.3. Inductively coupled plasma optical emission spectrometry (ICP-OES)

The samples of 30 wt% MEA that were subjected to the degradation
conditions described previous were analysed by inductively coupled
plasma - optical emission spectrometry (ICP-OES) to measure the
quantities of elements that had leached into the MEA solution. This
enables analysis of the key elements that could affect the degradation. A
Thermo Fisher iCAP 7400 Radial ICP-OES was used to measure con-
centrations of Al, Mg, Ca, Mn, Pb, Ni, Cu, Cr, K, Na, Fe and Si as the key

H - 4+
A~ NHy — N_ _O NH,
HO oo HO \n/ ~"0H
(0]
\/VK/_’JWK ‘JMAL 90 minutes
jﬂ/\\ jJLL /Uﬂ'\\ 60 minutes
30 minutes
M M M
0 minutes
39 38 87 36 35 84 33 82 31 30 29 28 27 26 25 24 23 22
1 (ppm)

Fig. 3. 'H NMR stacked spectra for the carboxylation of 30 wt% MEA.
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Table 3
Typical NMR chemical shifts for the carboxylation of MEA and degradation
products.

Compound 'H NMR Data (D;0) 13C NMR Data
A~ NH, 3.57 (t, 2H, :JHH = 5.5 Hz, OCHy) 57.7 (HOCH,)
HO 2.71 (t, 2H, *Jyy = 5.5 Hz, NCH,) 41.2 (NCHy)
; . 3.58 (t, 2H, 3Juy = 5.5 Hz, OCHy) 164.3 (C=0)
A 3 —
Ho/\/NTO NH3\/\OH 3.15 (dt, 2H, 3Juy = 5.5, 5.0 Hz, 61.1 (HOCH,)
S NCH,) 43.1 (NCHy)
o n/a 160.6
Ol
Thermal t?egratration products
0 4.49 (t, 1H, 3Jyy = 8.5 Hz, 0—CH,)  162.7 (C=0)
OANH . 66.1 (OCH,)
\J 3.65 (t, 1H, 3Jyy = 8.5 Hz, N—CH,)
oz 40.5 (NCH,)
3.65 (t, 2H, 3Juy = 5.5 Hz, HOCH,) ~ 60.4 (HOCH,)
N 2.68-2.72 (m, 4H, HNCH,) 50.6 (HNCH,)
HO™ " ""NH, 49.9 (HNCH,)
HEEDA 2.63 (t, 2H, 3Jyy = 4.8 Hz, HNCH,) 40.0
(H2NCH3)
o 3.70 (t, 2H, *Jyy = 5.5 Hz, HOCH,)  164.9 (C=0)
N on 3.56 (t, 2H, 3Jyy = 8.0 Hz, OCH,) 58.9 (HOCH)
o7 N 3.43 (t, 2H, 3Jyy = 8.0 Hz, NCH,) 45.4 (OCH,)
45.2 (NCHy)
HEIA .27 (t, 2H, 3Jyy = 5.5 Hz, NCH;
3.27 (t, , >Jun = 5.5 Hz, NCH3) 38.1 (NCH,)
Oxidative degradation products
7.69 (s, 1H, CH) 138.3 (C=N)
NP ~OH 7.19 (d, 2H, 3Jyy = 0.8 Hz, CH) 127.7 (C=C)
\—/ 7.05 (d, 2H, 3Jyy = 0.8 Hz, CH) 120.2 (C=C)
HEI 4.12 (t, 2H, 3Jyy = 5.6 Hz, OCH,) 60.8 (OCHy)
3.85 (t, 2H, 3Jyy = 5.6 Hz, NCHy) 48.9 (NCHy)
o 8.09 (s, 1H, CHO) 164.5 (C=0)
H)(N/VOH 3.67 (t, 2H, 3Jyy = 5.6 Hz, OCHy) 59.8 (OCHy)
HEHF 3.37 (t, 2H, 3Jyy = 5.2 Hz, NCH,) 40.1 (NCHy)
o 8.00 (s, 1H, NH) 174.5 (C=0)
)J\ﬁ/\/OH 3.65 (t, 2H, 3Jyy = 5.6 Hz, OCH,) 59.9 (OCH,)
HEA 3.32 (t, 2H, 3Jyy = 5.6 Hz, NCH,) 41.5 (NCH,)
2.00 (s, 1H, CCH3) 21.8 (CCH3)
y © 3.72 (t, 2H, 3Jyy = 5.6 Hz, OCH,) 161.1 (C=0)
HO/\/NW)J\N/\/OH 59.7 (OCHy)
H 35
o 3.45 (t, 2H, 3Jyy = 5.6 Hz, NCH,) 41.6 (NCHy)
BHEOX
8.25 (app t, 1H, 3Juy = 2.0 Hz, 127.8
N*CHN) (N'CHN)
_ 3
Ot AN~ OH 7.20 (app t, 1H, Jyy = 2.0 Hz, +
NN NCH) 120.3 (N*CH)
HEINO 7.16 (app t, 1H, 3Juy = 2.0 Hz,
(this work) NCH) 118.9 (NCH)
4.15 (t, 2H, 3Jyy = 5.2 Hz, OCHy) 60.2 (OCH,)
3.85 (t, 2H, 3Jyy = 5.2 Hz, NCH,) 51.2 (NCH,)

constituents of biomass and coal ashes. The equipment was operated by
Stephen Reid from the School of Earth and Environment at the Uni-
versity of Leeds.

3. Results
3.1. Laboratory-scale thermal degradations

The main thermal degradation compounds reported in previous work
were also detected in this study: OZD, HEEDA and HEIA.

Fig. 5 shows the extent of degradation observed for the thermal
degradation experiments of 30 wt% MEA (0.5 mol¢ga/molyga) at 135 °C
after 6 weeks. No significant impact was seen from the addition of po-
tassium chloride, white wood ash or coal ash to the formation of OZD,
HEEDA and HEIA. The results show slightly higher levels of HEEDA and
HEIA for all cases when compared to the base case of 30 wt% MEA alone
however no significant differences are seen in order to suggest the
degradation is accelerated or retarded by the ashes or KCl.

Quantification of GC-MS experiments were based on the calibration

International Journal of Greenhouse Gas Control 108 (2021) 103305

of the equipment with known percentages of each degradation product,
whereas NMR quantities were calculated by integrating the product
chemical shifts compared to the known quantities of DSS in each NMR
sample. From this is can be seen that approximately 14 % of HEIA is
present in the solvent which equates to nearly half of the original 30 wt
% MEA. This finding is concurrent with previous research with expected
MEA losses of ~60 % after 5 weeks under such conditions (Da Silva
et al., 2012). Importantly, as HEIA is not basic, this renders it inactive as
a capture agent, and so accumulation of this degradation product
significantly reduces the efficiency of the capture solvent.

The product quantities from NMR were calculated based on inte-
grated product peaks relative to the known quantity of DSS in the
sample, thus enabling the absolute amounts of each product to be
calculated. Respective masses of each product in the sample were then
calculated. These were validated with measurements from GC-MS
which was calibrated with known weight percentages of each degra-
dation product in MEA solution (30 wt%). Some slight differences are
seen between the analysis techniques for OZD and HEIA - likely due to
slight variations in the methodology associated with gas chromatog-
raphy, whilst the significant difference in quantities of HEEDA are
detected between the two analysis techniques. NMR spectra were
observed to consistently measure quantities of the degradation products
across the cases.

3.2. Laboratory-scale oxidative degradations

The first stage of oxidative MEA degradation involves the oxidation
and fragmentation of amines to carboxylic acids, such as formic, acetic,
glycolic, and oxalic acid, or volatile species, such as formaldehyde,
acetaldehyde or ammonia. Formaldehyde, acetaldehyde and ammonia
could not be directly measured due to their reactivity and low concen-
trations, while the proton chemical shifts associated with formic, acetic
and glycolic acids were monitored for the small quantities present in
solution.

The main oxidative degradation compounds reported in previous
work were also detected in this study: OZD, formic acid, HEF and HEIL
(Da Silva et al., 2012). One of the key studies previously using 'H NMR
analysis for the detailed identification of MEA degradation products
(Ciftja et al., 2012) found peaks associated with the oxidative degra-
dation of MEA to be isolated in the 6.5—9 ppm region of NMR spectra,
nearly identical to that seen in Fig. 4. This literature study assigned the
chemical shifts of the oxidative degradation products in this region to
HEI and HEF. However these chemical shifts appear to have been
incorrectly assigned in the existing literature. Ciftja et al. assigned the
aromatic peaks for HEI as 7.22 ppm, 7.24 ppm and 8.31 ppm, whereas
shifts obtained for pure HEI and spiked MEA samples in this work
showed shifts at 7.05 ppm, 7.19 ppm and 7.69 ppm. HEF is also incor-
rectly assigned as 8.48 ppm in the literature, whereas this study confirms
a peak at 8.09 ppm. Quantities of HEI and HEF measured by this work
are presented in Fig. 6.

Further 2D NMR methods were used to confirm that 'H and 13C peaks
corresponded to an unknown degradation product. The corrected 'Hand
13C data for HEI are provided in Table 3. The chemical shifts for the
unknown compound correspond closely with those found for HEI and
thus suggest that the unknown compound is likely an imidazole. 2D
NMR revealed 13C NMR shifts associated with the unknown at 119.6
ppm, 120.9 ppm and 128.3 ppm - again characteristic of aromatic
compound similar to HEI. Through purification of the compound and
careful consideration of the possible heteroaromatics described in
(Clery, 2019) it was suspected that the unidentified compound was an
oxidation product of HEI as an imidazole with an attached ethanol and
oxygen to make an N-oxide with M + 1 of 129.

3.2.1. Synthesis of N-(2-hydroxyethylDimidazole-N-oxide (HEINO)
In order to confirm the correct assignment of the suspected degra-
dation compound the desired N-oxide was synthesised. The similarity of
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Fig. 4. Example 'H stacked spectra following the oxidative degradation of MEA over 21 days.

the suspected compound to HEI made a logical starting material for
further reaction. Aromatic nitrogen heterocyles are well-known to un-
dergo oxidation to the corresponding N-oxides with a variety of oxi-
dising agents, although we were unable to find any specific examples of
HEI oxidation.

The successful synthesis of N-(2-hydroxyethyl)imidazole-N-oxide
(Scheme 1), abbreviated as HEINO, was carried out by oxidation of N-(2-
hydroxyethyl)imidazole using meta-chloroperoxybenzoic acid (mCPBA)
as follows:

N-(2-Hydroxyethyl)imidazole-N-Oxide.

To a stirred solution of N-(2-hydroxyethyl)imidazole (5.0 g, 44
mmol) in CH,Cl, (50 mL), a solution of mCPBA (75 %, 23 g, 133 mmol)
in CHaCly (100 mL) was added dropwise at 0 °C. The reaction mixture
was stirred at room temperature for 3 h and monitored by TLC (CH,Cly/
MeOH, 80:20). Once complete the reaction was filtered and the solvent
removed under reduced pressure. Chromatography on silica eluting with
CH,Cly/MeOH (80:20) afforded the title compound as a colourless oil
(1.59 g, 12.0 mmol, 28 %). R¢ (CH2Clo/MeOH, 80:20) = 0.10. 'H NMR
§(500 MHz; D20); 3.85 (2H, t, J 5.2, OCHy), 4.15 (2H, t, J 5.2, NCHj),
7.16 (1H, t, J 2.0, NCH), 7.20 (1H, t, J 2.0, N*CH), 8.25 (1H, t, J 2.0,
N*CHN). DEPTQ 13C NMR §(125 MHz; D20); 51.2 (NCHy), 60.2 (OCHy),
118.9 (NCH), 120.3 (NtCH), 127.8 (N"CHN). HRMS CsHgN,0, requires
128.0665; found 128.0656.

Infrared spectroscopy found a peak at 1307 c¢m ™, matching that
previous measured for an N-oxide imidazole (Murray, 2016). The
HEINO product was found to precisely match the 'H and '*C NMR data
of the unknown degradation compound.

3.2.2. Impacts of potassium chloride, biomass ash and coal ash on the
oxidative degradation product formation with 'TH NMR spectroscopy
Following the identification of the unknown degradation product,
the quantities of these oxidative degradation products were plotted over
the period of the laboratory experiment. This enabled a comparison of

the quantities of key secondary oxidative degradation products (HEIL,
HEINO and HEF) in the presence of various ashes — with particular in-
terest in the different rates of degradation that were observed in the
presence of ashes from biomass combustion rather than coal.

Fig. 6a) demonstrates the influence that a particular fuel combustion
ash can have on the formation of HEI during oxidative degradation. The
‘PACT coal ash’ is seen to result in a significant increase in the formation
of HEI over the 3 week period, with approximately three times greater
than the quantities of HEI observed for all other cases including a ‘coal
ash #1’ sourced form a UK power station. The addition of olive ash and
KCl do not appear to have an effect on the formation of HEI whilst the
‘PACT wood ash’ appears to show slightly lower levels of HEI than the
other cases.

Interestingly Fig. 6b) illustrates that both types of coal ash appear to
significantly promote the formation of the newly identified HEINO (with
chemical shifts at 7.22 and 7.24 ppm). Olive ash also appears to catalyse
the formation of this product whilst relatively small quantities of the
HEINO are seen for MEA alone, with KCl or ‘PACT wood ash’. For
HEINO: Olive ash > Coal ash #1 > PACT coal ash > PACT wood ash,
whereas for HEF (Fig. 6¢), the only noticeable difference between the
cases is slightly lower quantities of HEF for the oxidative degradation of
MEA in the presence of ‘PACT wood ash’.

The formation of HEINO is particularly noteworthy as it is an N-
oxide, related derivatives of which are known to be capable of oxidising
a range of organic substrates, especially in the presence of metal cata-
lysts (Fuentes and Clarke, 2008; He et al., 2012; Niu et al., 2019).
Importantly they would also be retained in solution throughout the
capture process, until reduced back to HEI, and so act as an oxygen
shuttle between the absorber and the stripper. Although oxidative
degradation is usually considered to occur mainly in the absorber sec-
tion of the capture process (where oxygen is present), the formation of
HEINO represents a mechanism where oxidation can take place under
the more extreme conditions of the stripper or reclaimer, mainly due to
the higher temperatures. The reversible nature of HEI oxidation, means
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Fig. 5. Product formation of a) OZD b) HEIA and c¢) HEEDA in the thermal degradation of MEA alone, MEA with coal ash 2, PACT wood ash and KCI.

that as HEI levels build up, potential oxidation is more likely. Depending
on sampling of the solvent, only HEI may be present (e.g. in lean going
into absorber), or HEINO may be observed (e.g. in loaded solvent
coming out of absorber). More detail is required to confirm this and
studies are currently underway. In any case, the HEI-HEINO cycle pro-
vides a mechanism for oxidation to occur in hotter parts of the process
away from the absorber, particularly with partially aged solvent where
HEI has had time to build up.

Gas chromatography mass spectrometry (GC-MS) was used as an
additional method of analysing degradation product formation. Fig. 7a)
illustrates an important difference in the quantities of HEI measured by
the two measurement techniques. NMR detected fairly equal amounts of
HEI in the oxidative degradation cases except for the addition of ‘PACT
coal ash’ which is seen to result in a significant increase in HEI forma-
tion. However the GC-MS measurements appear to detect high levels of
HEI also for the ‘Olive ash’ and ‘Coal ash #1°. These are not supported by
the quantification of HEI using NMR.

A possible explanation for the difference observed in Fig. 7a) could
be explained by a high correlation between the quantities of HEINO
measured from NMR and quantities of HEI being detected with GC-MS.
Specifically, higher levels of HEINO are measured for the ‘Olive ash’,
‘Coal ash #1° and ‘PACT coal ash’ cases which would explain the dif-
ferences seen in Fig. 7a) if HEINO in the liquid samples is being

measured by the GC-MS as HEIL The differences in measurements be-
tween these methods was found to be proportional to the amounts of
HEINO measured by NMR.

The comparison of GC-MS and NMR quantities for HEF in Fig. 7 b)
show a good correlation between the two measurement techniques.
From this it is confirmed that slightly higher quantities of HEF are
formed in the presence of ‘PACT coal ash’ and slightly lower quantities
of HEF are observed in the presence of ‘PACT wood ash’, when
compared to the other cases, i.e. HEF: PACT coal ash > PACT wood ash.

The oxidatively degraded MEA samples generated in the laboratory
were analysed for metal impurities to measure the metals present in
solution that could impact the degradation process. Results of the ICP-
OES analysis, presented in Table 4, find quantities of K, Na and Mg in
solution to correlate well with the quantities measured in ash compo-
sition data provided. Very low amounts of potassium are seen in the case
of both coal ashes and for the MEA alone degradation, whereas signifi-
cant quantities are seen in both biomass cases. It follows that more po-
tassium is seen in the olive ash case as there is larger amounts of
potassium in this ash compared to PACT wood ash, thus suggesting a
similar amount of potassium is in a water-soluble state for both biomass
ashes.

High quantities of Na were measured in both coal ash cases
compared to MEA alone, KCI and olive. However the highest quantities
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Scheme 1. Synthesis of N-(2-hydroxyethyl)imidazole-N-oxide (HEINO).

of Na are measured in the wood ash case. Ca, Cu, Cr, Mn and Pb are seen
to be significantly higher for the white wood case. Mg is highest for both
coal cases.

3.3. Degradation in a pilot-scale COz capture plant

The samples of rich solvent collected from the PACT facilities at the
end of each 3 day (30 h) trial were analysed for the formation of
degradation products. Fig. 8 illustrates the comparative quantification
of the key oxidative degradation products using 'H NMR spectroscopy,



D.S. Clery et al.

International Journal of Greenhouse Gas Control 108 (2021) 103305

» T mccms onvr NP Ot
5 ] \—/
; b Z? g// T
-8 % 0
S / &
& 0.5 - ;5:; %
% o % o
Nl &N | H I G
MEA Olive ash KCl Coal Ash #1 PACT wood PACT coal
ash ash
b) 1.6
2GC- 0
14 aGC-MS BNMR _‘J\r\/\/()k
S 121 H
2 1
§ N
/
ng‘ 0.6
Sl
£ 04 ..
0.2 - %
0 - /ﬁ £ ! i

MEA

KCl1

PACT wood PACT coal
ash ash

Fig. 7. Comparison of measurement techniques analysing the formation of a) HEI and b) HEF in the oxidative degradation of MEA through sparging with compressed

air at 40 °C.

Table 4
Elemental accumulation analysis by ICP-OES of MEA solvents from laboratory
oxidative degradations (reported to 3 significant figures).

MEA Oliveash ~ KCl Coal ash PACT PACT coal
alone (mg/L) (mg/L) #1 (mg/ wood ash ash (mg/
(mg/L) L) (mg/L) L)

Al 10.1 10.4 10.4 10.3 10.1 10.3

Mg  <LOD* <LOD* <LOD* 2.12 0.92 4.97

Ca <LOQ* 28.7 <LOQ 2.07 45.8 9.18

Mn 1.19 22.4 1.37 15.7 25.1 10.3

Cu <LOQ* 0.07 <LOQ* 0.01 0.19 0.06

Cr <LOD* 0.41 <LOQ*  0.04 1.07 0.17

K 0.90 739 1090 3.02 512 10.2

Na 27.1 19.6 22.6 47.6 110 62.0

Fe 0.21 3.13 0.14 4.25 9.34 20.0

Si 7.16 16.5 9.39 2.28 2.27 1.40

" <LOD, below limit of detection, and < LOQ, below limit of quantification.

and validated with GC-MS. Much larger quantities of HEINO are
measured in the solvent from the coal combustion case, whereas HEF is
observed to be similar for both cases.

Interestingly, NMR analysis of the pilot scale MEA samples found no
detectable HEI to be present for either case, only HEINO. GC-MS anal-
ysis is consistent with HEINO being detected as HEI during gas chro-
matography due to rapid degradation during analysis, hence the N-oxide
characterised in this research was present in ratios matching that
measured as HEI using GC-MS.

10

=
s

O PACT Wood trial BPACT Coal trial

Quantitiy (% of solvent)

o°
[S)

HEF HEINO

Fig. 8. Degradation product formation measured by NMR in 30 wt% MEA from
the PACT facilities after 3-day biomass and coal combustion campaigns.

The MEA samples from the pilot-scale facility were analysed for
elemental impurities to enabling the tracking of ashes and volatile
species that escaped the three particle removal technologies described
above. Results of the ICP-OES analysis, presented in Table 5, find high
quantities of K, Ca and redox active Cr and Mn in solution from the
biomass trial, compared to the coal trial. MEA samples from the coal trial
where found to have more Si, Mn, Fe and Na. These findings generally
correlate well with the measures of elemental oxides from ash analysis of
the fuels.
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Table 5
Elemental accumulation analysis by ICP-OES of MEA solvents from the PACT
facilities (reported to 3 significant figures).

Element PACT Wood (mg/L) PACT Coal (mg/L)
Al 10.4 10.6
Mg 0.20 <LOQ
Ca 1.44 1.19
Mn 2.73 4.32
Cu 0.17 0.11
Cr 2.64 0.69
K 27.0 4.42
Na 5.73 19.2
Fe 0.58 0.81
Si 6.08 7.61

4. Discussion
4.1. Thermal degradation

The findings of the thermal degradation experiments suggest that
ashes, either coal or biomass, have little impact on the formation of
degradation products under thermal conditions. This is supported by
other literature on thermal degradation (Davis and Rochelle, 2009;
Huang et al., 2014). These experiments were complete at 135 °C to
accelerate the conditions seen in a reboiler, from which the main ther-
mal degradation products (OZD, HEEDA and HEIA) are formed. Primary
and secondary aminoalcohols under thermal degradative conditions,
undergo ring closure on carbamate formation to give oxazolidinones, as
suggested by Polderman (1955). OZD molecules are sensitive to nucle-
ophilic reactions and therefore can often react with another amine
molecule to form a dimer such as HEEDA (Lepaumier et al., 2009b).
HEEDA can cyclise to form HEIA which is the major product from
thermal degradation which has been found to significantly contribute to
degradation at pilot-scale facilities (Thompson et al., 2017), and as it is
no longer basic, will not participate in the COy capture process and
hence significantly reduce solvent efficiency.

4.2. Oxidative degradation

This work used NMR spectroscopy to characterise the oxidative
degradation products identified previously in literature. These charac-
terisations were compared with NMR data from literature which
revealed the incorrect assignment of NMR shifts for the most abundant
oxidative degradation product, HEL. Updated NMR data is provided in
this work along with characterisation of the compound previously
mistaken for HEI. A new degradation product was discovered, N-(2-
hydroxyethyl)imidazole-N-oxide (HEINO), which is found to be present
in significant quantities in some cases, and the two species are likely to
be interconverted depending on the process conditions.

Results from the oxidative degradation experiments suggest that
ashes from coal and olive combustion can enhance the formation of
HEINO, whereas only one of the coal ashes appears to catalyse the for-
mation of the previously identified major oxidative degradation prod-
uct, HEL. The comparison of fly ashes collected from the PACT facilities
shows higher rates of HEI and HEINO formation with coal ash compared
to wood ash. Slower rates of HEI, HEINO and HEF formation were seen
for the wood ash collected from the PACT facilities compared to all other
cases.

This work has shown that the composition of an ash can have a large
impact on the formation of amine degradation products. For example,
the coal fly ash collected from the PACT facilities (PACT coal ash)
showed a larger production of HEI than the other ashes but lower
amounts of HEINO than coal ash #1 and the olive ash. This appears to
suggest that the PACT coal ash may favour the formation of HEI with
little subsequent oxidation to HEINO. Fig. 9 plots the total of the inte-
grated NMR peaks at shift: 7.21 ppm for HEINO, 7.03 ppm for HEI and
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Fig. 9. The combined integration of NMR peaks of HEI, HEF and HEINO
relative to DSS standard, for a cumulative plot of the major degradation
products formed in each case.

8.09 ppm for HEF. This comparison suggests that olive ash produces the
largest total quantities of degradation products, followed by the coal ash
#1 and PACT coal ash, and that the PACT wood ash and KCl have
negligible effects on the formation of imidazoles or HEF.

OZD and HEF appear less affected by the addition of ash. It has been
suggested that HEA and HEF are formed through MEA reacting with
acidic oxidised degradation products, such as acetic acid and formic acid
respectively (Da Silva et al., 2012). The formation of HEI is less under-
stood than the other oxidative constituents, however it has been
confirmed that HEI can be formed from the mixing of MEA, formalde-
hyde, glyoxal and ammonia which are all known products and fragments
of MEA degradation (Vevelstad et al., 2013) although levels of some of
these are rather low, and alternative pathways are also likely.

The results suggest that white wood ash and KCI have negligible
effects on the formation of imidazoles, however other types of biomass
that could be used in BECCS plants, such as olive residues, may have
different impacts on amine degradation.

Ammonia, methylamine, formaldehyde and acetaldehyde are the
initial products formed from the oxidation of MEA. Carboxylic acids,
such as formic, acetic, glycolic and oxalic have been previously identi-
fied and reaction pathways have been suggested (Rooney et al., 1998;
Strazisar et al., 2003). Ammonia is likely formed from the oxidation and
hydrolysis, or fragmentation of the MEA molecule, whereas the acids are
from further oxidation aldehydes, also formed from MEA (Da Silva et al.,
2012; Lepaumier et al., 2009a).

These primary degradation products are found to degrade further to
form secondary degradation compounds from reaction with oxygen,
MEA, aldehydes or ammonia. The major secondary oxidative degrada-
tion products are N-(2-hydroxyethyl) formamide (HEF) and N-(2-
hydroxyethyl) imidazole (HEI) are more stable and arguably more likely
to have an impact on the performance of carbon capture solvents than
primary degradation products (Reynolds et al., 2015). The mechanisms
by which these secondary products could be formed are not well un-
derstood, though mechanisms have been suggested in literature
whereby HEF could be formed from the reaction of formic acid with
MEA (Da Silva et al., 2012; Lepaumier et al., 2011; Strazisar et al.,
2003).

HEI is the most abundantly observed degradation product from the
oxidation of MEA. The finding of a previously undiscovered degradation
product by this work, HEINO, which is found to be present in significant
quantities may be the result of two options. Either HEI is readily oxidised
during the oxidative degradation process to form HEINO as a final
degradation product, and they form part of a redox cycle within the
process. Alternatively HEINO is formed as an intermediary compound in
the formation of HEI, with it being reduced in the final step. The vari-
ation in quantities of HEI and HEINO between the different degradation
cases would suggest that there may be an equilibrium between the two
redox states, and that different ashes can alter the equilibrium resulting
in differing ratio quantities of each product, possibly due to the presence
of different levels of redox active metals, or the history of particular
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samples, and where they were removed from the process, e.g. post-
absorber, post-stripper, etc.

4.3. Pilot-plant degradation

Real world post combustion capture (PCC) processes are not simple.
Amines encounter fluctuating temperatures, varying flue gas composi-
tion and differences in ambient conditions which can impact on per-
formance. The biomass and coal combustion and PCC campaigns were
completed using the same equipment and fuel feed rates however the
campaigns were conducted at different times, and the SOx removal
equipment was only operational for 2 days of the coal combustion
campaign. Similar quantities of the main thermal degradation product,
HEIA, and a major oxidative degradation product, HEF, are measured
for both pilot-scale combustion cases suggesting that the temperatures
that both solvents were exposed to were similar and that temperature
was not a factor in the differences in degradation.

'H NMR analysis found HEINO to be the most abundant secondary
degradation product formed in these pilot-scale samples. This is an
interesting result as it suggests that HEINO may be the dominant imid-
azole species occurring under true carbon capture conditions.

Solvent samples obtained from the PACT facilities matched the
findings of the laboratory-scale oxidative degradation experiments of
this study. The pilot plant was not run for a long period thus not enabling
the in-depth comparison of the prolonged degradation between coal and
biomass flue gases. However these results show the early formation of
oxidative degradation products (HEF and HEINO). The analysis
observed lower quantities of HEINO in the biomass test campaign
compared to coal.

The elemental analysis of MEA samples from the pilot-scale facility
showed that high quantities of K from biomass combustion remained in
the flue gas after three forms of flue gas treatment, likely due to its
volatile state as identified in previous work at the PACT facilities (Finney
et al., 2018). Higher quantities of Ca and Cr were measured in the MEA
sample from the biomass trial than the coal trial (Table 5), whereas the
coal trial samples contained more Si, Mn, Fe and Na. These findings
generally correlate well with the measures of elemental oxides from ash
analysis of the fuels suggesting that some fly-ashes were deposited in the
amine capture solvent and may explain the higher quantities of degra-
dation products measured for the coal trial due to presence of more
catalytically active metals for oxidation.

5. Conclusion

This work has demonstrated the potential for NMR spectroscopy to
be applied to the carboxylation and degradation of MEA. 'H and 3C
NMR analysis have been successfully used to monitor the formation of
previously identified major degradation products (OZD, HEEDA, HEIA,
HEI and HEF). Full NMR data for MEA, carbamate and the degradation
products are provided. Revised NMR chemical shift data is provided for
existing degradation products and a new degradation product has been
identified, N-(2-hydroxyethyl)imidazole-N-oxide (HEINO), which in
some cases is the most abundant degradation product including the MEA
samples obtained from a pilot-scale combustion and carbon capture
facility.

This research has examined the impact that fly ashes from biomass
combustion will have on amine degradation compared to coal fly ashes.
The results of laboratory testing in this study has found biomass ashes
from white wood combustion to reduce the formation of the major
oxidative degradation products by more than half. Samples obtained
from 3-day pilot-scale air-biomass and air-coal trials at the PACT facil-
ities support these findings. Carbon capture processes are complex and
more research is required before conclusions can be drawn on the
degradation of amines in a full scale BECCS plant. The complexity of
degradation will increase with continued use of amine blends and other
amine structures, however these initial findings suggest the carbon
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capture applied to flue gases from white wood biomass combustion may
observe less amine degradation, and thus reduced regeneration costs,
than coal or olive biomass plant combustion.
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