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Abstract

The continued development of amine solvents for post-combustion CO, capture is essential to the large-scale success of this
technology, with particular interest in high capacity and uptake promoter blends. Some of these solutions also show reduced
corrosive tendencies in the presence of carbon steel, a significantly cheaper alternative to the stainless steels generally employed.
Optimization of the solution composition and reduced corrosion could yield both a decrease in capital and operating costs.
Solutions (30 % by weight) of monoethanolamine (MEA) or piperazine (PZ) were blended with either methyldiethanolamine
(MDEA) or 2-amino-2-methyl-1-propanol (AMP). At 120 °C, Solutions containing PZ outperformed those with MEA showing

the formation of good protective siderite (FeCOjz) crystal layers, reducing continued oxidation of Fe from the surface and
therefore corrosion.
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1. Introduction

The emission of greenhouse gases, in particular CO,, can be mitigated using well developed post-combustion
CO, capture technology (PCCC). In addition to its status as a relatively mature technology, from extensive
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experience in natural gas sweetening operations, the infrastructure is relatively straightforward to retrofit onto
existing plants and power stations. While improvements continue to be made, one remaining challenge to large-scale
deployment is the capital investment required to build this amine scrubbing unit. To reduce capital costs,
construction materials cheaper than the stainless steels currently employed must be established. Stainless steel has
been used due to its relatively impervious nature, where it has been shown to resist significant corrosion in the
relevant aqueous amine environments. Inherently, amines are not particularly corrosive. The corrosive tendencies
are from the interaction of amines with CO,. In fact, even the presence of CO, in water alone can prove to be highly
corrosive.

Recent literature has demonstrated that the corrosivity of CO,-loaded aqueous amine solutions is not consistent.
Crucially, amine chemical structure determines whether or not corrosion is generally observed [1]. Primary (1°) and
secondary (2°) amines, show significant corrosive tendencies in most circumstances. By contrast tertiary (3°) and
sterically-hindered (SH) amines do not [2]. The relative lack of corrosion is attributed to the mechanism by which
these species interact with CO, (Equation 1). Particularly, the reaction results in the formation of bicarbonates
(which can be converted to carbonates, Equation 2).

RR'R"N + H,CO3 » RR'R"NH* + HCO3 (1)
HCO3 - H* + C03~ (2)
Few) = Felly + 2e” (3)
2Fely + 2HCO30,,) = 2FeCOs(5) + Hy(ag) (4)

The presence of bicarbonates is highly favorable as they react readily with Fe ions oxidized at the surface of the
steel substrate (Equations 3 and 4). In this reaction a crystalline FeCO; (siderite) is formed, which potentially
protects, and even passivates, the surface reducing further oxidization of the metal and the ingress of solvent from
the aqueous amine solution [3-5].

The use of 3° and SH amines alone are appealing because of their high CO, capacity and lower heat of adsorption
(lowering regeneration energy) [6]. However, the slow reaction Kkinetics makes them impractical. When blended
with a rate promoter, a 1° or 2° amine, this problem is mitigated [7,8]. As such, blends of this type have become
increasingly popular. While these solutions were developed for optimal operations, initial studies have indicated that
such blends could prove to be effective in the development of protective siderite layers [2].

Herein, this study presents the use of two rate promoters: monoethanolamine and piperazine blended with
methyldiethanolamine and 2-amino-2-methyl-1-propanol. These solutions are tested at 120 °C, relevant to the
stripper (and reboiler), to establish their corrosive nature.

1999

Nomenclature

1° primary amine

2° secondary amine

3° tertiary amine

SH sterically-hindered amine

MEA  monoethanolamine

Pz piperazine

MDEA methyldiethanolamine

AMP  2-amino-2-methyl-1-propanol

GCTCD Gas chromatography — thermal conductivity detector

ICPOES Inductively coupled plasma — optimal emissions spectroscopy
SEM  Scanning electron microscopy

EDX  Energy dispersive X-ray

XRD  X-ray Diffraction
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MSCR mass size change rate (mm y™)
m mass

p density

A exposed surface area

t time of exposure

2. Methods

Amine solvents monoethanolamine (MEA, > 99% Sigma), piperazine (PZ, 99% Sigma), methyldiethanolamine
(MDEA, >99% Sigma) and 2-amino-2-methyl-1-propanol (AMP, >90% Sigma) were used as supplied (Figure la-

d).
a b c d
H,N OH /\ HO
__/ HN NH  Ho ,L OH ‘><
_/ AV V4 N
2

Figure 1: Chemical structures of (a) MEA, (b) PZ, (c) MDEA, and (d) AMP

Aqueous amine promoter style blends were prepared where either MDEA (3°) or AMP (SH) amine was added to
PZ or MEA. Solutions were diluted in DI water to reach 30 % by weight total amine content (Table 1). Reference
solutions were also examined for MEA and PZ at 30 % by weight.

Table 1: Composition of amine solution blends (where % by weight are given for each individual component)
Solution Types MEA PZ MDEA AMP  Water

MEA 30 - - - 70
Pz - 30 - - 70
MDEA/PZ - 10 20 - 70
MDEA/PZ - 20 10 - 70
AMP/PZ - 10 - 20 70
AMP/PZ - 20 - 10 70
MDEA/MEA 7.5 0 22.5 70
MDEA/MEA 15 0 15 70
MDEA/MEA 22,5 0 7.5 70
AMP/MEA 7.5 0 - 22.5 70
AMP/MEA 15 0 - 15 70
AMP/MEA 22.5 0 - 7.5 70

Solutions were tested in 250 mL round-bottom flasks fitted with reflux condenser at atmospheric pressure (Figure
2). Nitrogen gas (N;) was bubbled into the solution at room temperature to remove any dissolved oxygen in the
solution. Subsequently, solutions were loaded by bubbling CO, and upon saturation, heated to 120 °C. Temperature
control of the solutions was maintained using Dry-syn blocks, fitted with a temperature probe and seated on a hot
plate.



Louis C.Y. Yu et al. / Energy Procedia 114 (2017) 1998 — 2008 2001

! » HOOUT
E st
H:OIN an)|)
COM:IN = A
IFri_.-‘FH.__
|_i |8| J
lE )
[ P
r 1_\}.—-_

Figure 2: Experiment apparatus

Carbon steel C1018 corrosion coupons (76.25x12.62x1.63 mm, 98.83-99.13% Fe, 0.18% C, 0.6-0.9% Mn,
<0.04 P and <0.05 S, Alabama Specialty Metals) were washed with acetone, dried and weighed. The coupons were
submerged into the solution and suspended using a thin unobtrusive PTFE thread from a stopper in the centre neck
of the round bottom flask. Throughout the experiment CO, was bubbled continuously through the liquid at 20 mL
min-1 to maintain saturation.

Experiments were run for seven days (168 hours) with liquid samples drawn on days two, four and seven. The
coupons were removed at the end of the trial then weighed, washed and re-weighed. The weight loss was converted
to a metric of material size change rate (MSCR) which is based on the corrosion rate equation (Equation 5). This
provides a practical insight into the net material gain or loss of carbon steel while subjected to CO, loaded amine
solutions. The MSCR is calculated by the difference in final and initial masses (mMenaL, Minmial) divided by the steel
density (p), exposed surface area (A) and exposure time (t) in years. In the case of poor adhesion of product layers,
the discrepancy is reported using both crude and clean weights.

m -m
Material Size Change Rate (mmy~1) = W (5)

The metal ion content of the liquid samples was measured using Inductively Coupled Plasma Optical Emissions
Spectroscopy (ICPOES). The solution was prepared in diluted nitric acid matrix (7.433M) where calibration
standards (Fe, Mn, Cr and Al in the same matrix solution) were used for quantification. Triplicate measurements
were taken to indicate homogeneity of the solution and instrument precision. The loading of CO, was determined
using a Gas Chromatograph fitted with a Thermal Conductivity Detection (GCTCD) (HP6890) for the liquid
samples. Additionally, solution pH was monitored to confirm that loading remained constant throughout the
duration of the experiment.

The surface of the corrosion coupons were prepared with a 10 nm gold coating for imaging using Scanning
Electron Microscopy (SEM). Additionally, cross-sections of the coupons were embedded in Cold-Fix resin
perpendicular to the surface area to measure siderite layer thickness using SEM. A cobalt standard was used before
each Energy Dispersive X-ray (EDX) (JEOL6400) measurement to ensure the most accurate quantification as is
possible. For X-ray diffraction (XRD), corrosion coupons were mounted on a solid sample holder using plasticine
and the 20 angles from 10 to 100 analysed at a step size of 0.334 and scan time of 40 seconds (PAnalytical X-Ray
Diffractometer). The baseline for the corrosion products show fluorescence due to the primarily Fe substrate.
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3. Results and Discussion

Two types of promoter blends were considered for the work herein, blends containing MEA and PZ. In both
cases, these were blended with MDEA and AMP. Such compositions have been previously reported to have a high
CO, capacity. The CO, loading was measured using a calibrated GCTCD (Table 2). The loading concentration is
reported using total moles of amines as the denominator, where the moles of each amine component are summed.

Table 2: Aqueous amine solutions tested in this study and the molco,/molamine

Solution Types molcoa/MOlamine
30 % MEA 0.35+0.04
30 % PZ 0.26 £0.01
20 % MDEA/ 10 % PZ 0.57+£0.04
10 % MDEA/ 20 % PZ 0.81+0.13
20 % AMP/ 10 % PZ 0.54+0.11
10 % AMP/20 % PZ 0.85+0.16
22.5 % MDEA/ 7.5 % MEA 0.49 +0.05
15 % MDEA/ 15 % MEA 0.41+0.04
7.5 % MDEA/ 22.5 % MEA 0.39+£0.02
22.5 % AMP/ 7.5 % MEA 0.54 £0.04
15 % AMP/ 15 % MEA 0.431+0.02
7.5 % AMP/ 22.5 % MEA 0.36 +0.04

To assess the corrosion using basic principles, changes to coupon weight can be used. The baseline study of 30 %
by weight MEA shows a significant loss in mass from the coupon (0.69 + 0.01 mm y™). By contrast, no change in
coupon weight was observed in a solution of 30% by weight PZ (0.00 + 0.03 mm y™). In blended solutions
containing PZ a consistent, but very small, weight gain was measured (Figure 3a). The error bars indicated on
Figure 3 represent the adherence of the film formed on the surface of the coupon. By contrast, significant weight
loss was observed for blended solutions with MEA. An impact on weight loss, with respect to 30 % by weight MEA
is not apparent until the MEA content was decreased to 15%. The addition of AMP appears to outperform MDEA
with nominally less weight loss of the coupon.
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Figure 3: Change in mass measured for (a) PZ and (b) MEA blends with the reference of 30 % by weigh PZ and MEA are shown on the
respective figures with a solid line indicating the average value and dashed lines the bounds for one standard deviation.

The impact of MEA and PZ, both at 30 % by weight, on the coupon is clear from the morphological changes
observed using SEM imaging of the surface. The coupon exposed to MEA shows significant damage to the surface
(Figure 4a) due to the oxidation of the Fe from the steel (as Fe is the primary component). This is confirmed with an
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XRD analysis (Figure 4b) indicating the presence of cementite, which is exposed during this corrosion process. By
contrast, when the carbon steel coupon was exposed to PZ (30 % by weight), a significant crystalline layer is

apparent (Figure 5a). The crystalline layer was confirmed to be siderite (FeCOj3) using XRD (Figure 5b).
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Figure 4: Carbon steel coupon after 28 days in 30 % by weight MEA (a) SEM 500x (with 2000x inset) (b) XRD
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Figure 5: Carbon steel coupon after 28 days in 30 % by weight PZ (a) SEM image 500x (b) XRD

In the case of PZ and its blends, the formation of siderite (FeCO3) on the surface is the reason that no weight loss,
and in some cases weight gain, is observed. This can be seen using SEM imaging where the classic rhombohedral
crystals are observed (Figure 5a). The chemistry of these crystals was identified using XRD (Figure 6b). The
MDEA-based blends appear to produce inferior crystalline layers (Figure 6b) than those formed in AMP-based
blends (Figure 6c¢). The superior AMP-based blends show a more closely packed layer with fewer defects. A higher
number of surface defects may allow easier access for ion transport to and from the metal surface. As a product

layer forms, the area of steel exposed to corrosive solution is decreased which slows the overall rate of oxidation.
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Figure 6. XRD of surface in (a) 10% MDEA/20% PZ with reference spectra for iron and siderite; SEM imaging at 2000x of coupon
surface in ('b) 10% MDEA/20% PZ and (c) 10% AMP/20% PZ.

The metal coupons exposed to MEA-based blends showed greater diversity in products than those with PZ. The
contribution of MDEA at 7.5 % by weight, shows little impact on the surface morphology (Figure 7a) and again
cementite is apparent indicating significant corrosive action (Figure 7d). However, with an increasing concentration
of MDEA the appearance of various oxide species is noted (Figure 7e). Visually, there are scattered porous areas of
appearing amorphous and a nominal presence of micaceous or plate-like crystal habits (Figure 7b). In significant
contrast, at 22.5 % by weight MDEA (7.5 % by weight MEA) the presence of siderite is clear. The apparently
porous layer on the surface shows a variety of crystal habits including well-developed hexagonal crystals of variable

sizes (Figure 7c). There are also randomly dispersed thin, bladed crystals suggesting the presence of some hematite
(Figure 7f).



Louis C.Y. Yu et al. / Energy Procedia 114 (2017) 1998 — 2008 2005

3 3 3
2 = 2
32 52 S,
3 8 8
1 1 1
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Position [2Theta] Position [2Theta] Position [2Theta]
Eerrite Ferrite Ferrite
(I B ‘ | ‘ [
Cementite Silicon Oxide Siderite
‘H \‘\H‘\ [ ‘ H|\‘ Lt
' ! ‘ Manganese Oxide Hematite
‘ I|‘ P P
Iron Oxide
. N

Figure 7: Surface analysis of coupons exposed to MDEA/MEA blends using SEM imaging at 500x, with insets at 2000x (a-c) where (a) 22.5%
MEA, (b) 15% MEA, (c) 7.5% MEA and using XRD (d-f) where (d) 22.5% MEA, (e) 15% MEA, (f) 7.5% MEA.

The coupon surface is significantly impacted by the composition of MDEA and MEA blend in solution.
Interestingly, the same breadth of species is not observed on coupons tested with solutions containing AMP and
MEA. At relatively high concentrations of MEA (22.5 and 15 % by weight) the surface shows some apparent
damage and ferrite is the primary species indicated. As the presence of cementite is not apparent, visually or by
XRD, it suggests a less corrosive attack than with MEA alone. With a further decrease in MEA concentration to 7.5
% by weight, the presence of siderite is clear. There is an underlying bed of rhombohedral structures from which
mixed sized hexagonal crystals are protruding, in some cases with tiny botryoidal habits.
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Figure 8: Surface analysis of coupons exposed to AMP/MEA blends using SEM imaging at 500x (a-c) where (a) 22.5% MEA, (b) 15% MEA, (c)
7.5% MEA and using XRD (d-f) where (d) 22.5% MEA, (e) 15% MEA, (f) 7.5% MEA.

The beneficial effect of the siderite layers can be considered in the context of Fe ions in solution using ICPOES
(Figure 9a). Solutions containing PZ blends were higher than PZ (30 % by weight) alone. This important finding
demonstrates that the oxidation at the surface of the coupon is influenced by the presence of MDEA and AMP. The
competitive behaviour of MDEA and AMP, may actually retard the efficacy, or speed, of forming siderite from PZ.
The mixtures containing MDEA/PZ have higher Fe ion concentrations than those containing AMP/PZ. The
previously observed inferior quality of the crystalline product layer is likely at the source of the higher bulk Fe ion
concentrations. This provides some evidence that the coverage of siderite is likely insufficient to fully passivate and
protect the metal surface yielding additional corrosion.
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Figure 9: Fe ion concentration measured using ICP-OES from liquid samples at the completion of the experiment (a) PZ and (b) MEA blends
where the reference of 30 % by weigh PZ and MEA are shown on the respective figures with a solid line indicating the average value and dashed
lines the bounds for one standard deviation

Critically, MEA blended solutions show a higher concentration of Fe ions in solution. At seven days, the aqueous
solution of MEA at 30 % by weight has a higher Fe ion concentration (3.45 + 0.55 mg L™) in comparison to 30 %
by weight PZ (0.08 + 0.01 mg L™). The blending of MEA with AMP shows very little impact on the resulting Fe ion
concentration, particularly at 22.5 % by weight MEA. At a lower concentration of 15 % by weight, it appears that
the formation of oxide species on the surface may provide some protection, as the weight loss was observed to be
less significant. Of particular interest is the high concentration of Fe ions for 7.5 % by weight MEA blended with
MDEA but correspondingly high concentration of Fe ions. The surface with imperfect siderite indicates that weight
loss due to corrosion may be offset by weight gain from the adherence of these crystals. Further, the porosity present
likely allows continued corrosion of the metal substrate until the voids are filled.

4. Conclusions

The use of PZ as the promoter in a blended solution demonstrates a significant positive impact not only on the
CO,-loading properties, but also as an agent to reduce corrosion on carbon steel. In solutions tested at 120 °C, the
presence of siderite provides a significant protective layer reducing continued oxidation of Fe from the surface of
the steel. Some protection is observed in MEA-promoted solutions, where solutions with reduced concentrations of
MEA fared best. Most promising are solutions blended with AMP which also showed better CO, loading than
comparable solutions with MDEA.
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