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Introduction

Solvent treating of natural gas for H2S and CO; removal is well known. More recently, post-
combustion carbon capture is utilizing solvent treating for CO2 recovery. In either case, solvents
are typically amines of various types and are known to degrade by virtue of reactions with CO> as
well as oxidative and thermal mechanisms, and there have been several publications on these over
many decades, as reviewed by Vega ef al. (2014) and Supap et al. (2011). In carbon capture, other
contaminants such as SOx, NOx and fly ash also exacerbate the situation.

Amine solvent degradation products are predominantly categorized as either

1. heat stable salts (HSS)
ii. degradation products

Solvent degradation to heat-stable salts or degradation products is an important issue because such
compounds have several detrimental effects, such as inability to make required product
specifications, loss of solvent capacity, increased signs of foaming, fouling and corrosion, high
energy use and limited equipment life.

The following is not meant to be exhaustive, and there have been many good reviews in the
literature that can be consulted (for example Vevelstad ef al., 2022), but it introduces the reader to
some of the more common degradation products.

Heat Stable Salts

Amines, as weak bases, react with H>S and CO» as weak acids in water to form salts that can be
decomposed by the addition of heat, thus regenerating the amine and liberating the acid gases.
Heat-stable salts are compounds that are formed by stronger acids, which form salts that are not
decomposed by heat. The stronger acids are carboxylic acids and are formed by oxygen reacting
with an amine. These acids, like formic acid, acetic acid, efc, lead to HSS as formates/formamides,
acetates/acetamides, efc., which tie up the amine molecules and the former are considered to
contribute to accelerated corrosion. The oxygen source is either from the process itself (ex., tank
vapour space, low-pressure gas gathering, VRU) or from the gas being treated (ex., excess air from
combustion in flue gas). For chlorides, impure makeup water can be the source.

As stated above, heat-stable salts are of concern due to reducing the amine capacity, as well as
being considered corrosive and contributing to fouling and foaming. It is recommended to keep
HSS at less than 10% of the amine concentration in the solvent, with less than 3% preferred to



avoid operating issues (Bacon, 1987), though other recommendations are lower. (Keller et al.,
2019).

Table 1. A comparison of 10 10% HSAS content for different amines.

Amine MEA DEA MDEA DGA
MW (g/mol) 61 105 119 105
Typical wt% 18 25 50 60
10% HSAS 1.8 2.5 5.0 6.0
Wt% HCOO 1.32 1.07 1.89 2.57

Degradation Products

Degradation products are contaminants in solution that occur from the breakdown of the base
amine molecule itself, often irreversibly, to form totally different chemical species. The loss of
amine to degradation can be deceiving because these products can still have base strength and will
show up as amine under normal titration, but they do not have any acid gas removal capability.
Though degradation products can be categorized as COz-induced, oxidative or thermal, the
degradation products and mechanisms are interrelated.

CO2-Induced Degradation Products

For monoethanolamine (MEA), common degradation reactions with CO; form 2-oxazolidone
0OZD) and N-(2-hydroxyethyl) ethylenediamine (HEED), which is considered corrosive. For
diethanolamine (DEA), common degradation reactions with CO2 form N,N-bis(2-hydroxyethyl)
piperazine (BHEP) and N,N,N-tris(2-hydroxyethyl) ethylenediamine (THEED). @ MDEA
degradation by CO; is complex, strongly dependent on concentration and temperature and can
form other amines like DEA and TEA as well as various other compounds. (Haws, 2001, Vega et
al. 2014, Gouedard et al. 2012) Promoted MDEA degradation showed that promoters degraded in
preference to MDEA while in mixtures of MDEA and MEA or MDEA and DEA, MDEA degraded
the least (Supap et al., 2011). For diglycolamine (DGA), a common degradation product from
reaction with CO; includes N,N,bis(hydroxyethoxyethyl) urea (BHEEU). In another study of
several amines (referenced in Supap et al, 2011), including ethanolamine types
(MEA/DEA/MDEA/AMP) and ethylenediamine types (PZ), resistance to COsz-induced
degradation was MDEA > AMP > DGA > MEA > DEA, with a PZ type compound showing better
resistance than DGA.

As such, it is guaranteed that post-combustion carbon capture solvents will experience
degradation, some more than others.

Oxidative Degradation Products

Oxidative degradation of most amines tends to form carboxylic acids, such as formic and acetic,
which lead to HSS as described above. In addition, each amine forms particular degradation
products, including those listed as CO»-induced above and, in some cases, ammonia, and amino
acids such as bicine and other glycine derivatives. (Keller, 2017)



Oxidation is considered a slow process and is dependent on mass transfer. In general, tertiary
amines are more stable with respect to oxidation than primary amines (Supap et al., 2011).

In the same study as discussed above for CO»-induced degradation, but in terms of oxidative
degradation stability, only a few differences were found between ethanolamines and
ethylenediamines. The major carboxylic acids detected in all amines after oxidation were formic,
acetic, glycolic and oxalic acids.

Thermal Degradation Products

Thermal degradation without CO» has resulted in very low degradation rates and negligible amine
loss, so the presence of CO:x is crucial to the degradation of amines by thermal mechanisms (Vega
etal.,2014). In thermal degradation with CO», the first step is carbamate formation, where primary
and secondary amines react with CO; to form carbamate. At regeneration temperatures, a
carbamate ring closure reaction occurs and oxazolidinones are formed as a degradation product.
This compound is highly reactive and leads to higher molecular weight degradation compounds.
AMP thermal degradation also follows this mechanism. Even for tertiary amines, which do not
form carbamates, this mechanism applies due to other degradation reactions forming primary and
secondary amines from MDEA. With the relationship depending on CO., the degradation
resistance for amines is as previously stated.

Ethylenediamines follow similar thermal degradation pathways, the main difference being
imidazolidinone as opposed to oxazolidinone formation. Though many of the thermal degradation
compounds are listed as COz-induced above, there are others as listed by Vega et al. (2014).

Other Degradation Mechanisms

In addition to the categories above, there are other degradation compounds induced by sulphur-
based compounds like H>S, COS, and CS,, as discussed by Supap ef al. (2011) and Vega et al.
(2014), though these are more relevant to natural gas treating and less so to carbon capture.
However, SOx-induced degradation is relevant to carbon capture and was shown to somewhat
increase amine degradation rate, and though this was considered a small effect, it is cumulative
(Supap et al., 2011). NOx, as a contaminant, reacts with amines, leading to the formation of
ammonia and nitrosamines, which are volatile, so they are released with the treated flue gas,
importantly noting that the latter is carcinogenic. However, contactor water wash can minimize
the emissions.

Metals

Metals are often in degraded solvents as well, and MEA lab and pilot studies have observed that
there is sometimes a sudden increase in degradation product formation and concentration of
dissolved metals at the same time. This has led to the conclusion that there is likely a catalytic
effect of the metals on the degradation reactions. (Buvik ef al., 2021).



Solvent Reclaiming Methods

Mechanical & Carbon Filtration

Mechanical filtration can effectively remove solid contaminants from the amine solution but
cannot remove either HSS or degradation products.

Activated carbon filtration can effectively remove liquid contaminants, particularly those that
contribute to foaming (like various oils and surface-active organics). Activated carbon filtration
can remove some degradation products, though its capacity is small (El1 Moudir et al., 2012). The
other issue is the challenge of knowing when the activated carbon bed is used up and needs to be
changed out.

Bleed & Feed or Complete Replacement

Bleed and feed is simply bleeding off some of the contaminated solvent and replacing it with new
solvent. In the ultimate scenario, the complete solvent volume is replaced. Both of these
techniques are costly due to the amine solvent and the disposal costs and are not environmentally
friendly.

Online Neutralization

Neutralization is the replacement of the amine molecule tied up in a heat-stable salt with a stronger
base, such as sodium hydroxide or sodium carbonate, though the latter is more costly. As such,
the amine HSS is replaced by a sodium HSS, but it does not remove the contaminant from the
system. Though this will free the amine, the resulting salts stay in the solution, resulting in higher
density and viscosity and reduced surface tension, which can contribute to foaming. This is only
a temporary solution, and if the salts keep increasing, precipitation can occur.

Ion Exchange

Ion exchange is, as the name implies, the exchange of an alternative non-detrimental ion for the
HSS ion. Ion exchange chemistry is much the same as neutralization, except that the resulting salt
is on the solid resin exchange media to be regenerated offline, so the major difference is that the
contaminant will ultimately be removed from the system. For example, removal of the HSS anion
with hydroxide anion frees the amine to return to the system with water, while the HSS anion i1s
later removed from the exchange media resin with caustic to regenerate the hydroxide.

The advantage of ion exchange is the lower energy usage. Major drawbacks of ion exchange
systems, such as using large quantities of water, producing large quantities of waste with amine
losses and some ineffectiveness, have apparently been overcome (El Moudir ef al., 2012), though
these issues can still occur in poorly designed or operated systems.

According to El Moudir et al. (2012), these systems operate best with lower acid gas loadings,
which is not the case in carbon capture applications, which have a high CO; loading. The high
acid loading or high level of carbonate and bicarbonate in the amine solution could interfere and
compete with HSS anions in the resin leading to reduction of the effectiveness of the ion-exchange
process in removing HSS compounds.



Electrodialysis

An electrodialysis (ED) process involves the utilization of electrical current/potential voltage and
ion-selective membranes to separate ionic degradation products and HSSs. The separation is done
with a process consisting of alternating cation-selective and anion-selective membranes located
between two electrodes. The degraded amine feed can be treated with/without NaOH/NaCOs
before being introduced to specific channels between membranes, though filtration is required
because the membranes are susceptible to fouling. The separation is carried out between cations
and anions toward their opposite electrodes and through the selective-ion membrane, which only
allows cations or anions to pass and prevents the others from passing. Therefore, the ED process
is only capable of removing HSSs, while other degradation products or contaminants would be left
in the amine solvent. As such, it is not optimal for carbon capture applications. It should also be
noted that the energy required for this process is relatively high.

Thermal Reclamation

Typically, a degraded amine slipstream is mixed with a strong base such as caustic soda or soda
ash to release the amine trapped by HSS. Then the mixture is sent directly to the reclaimer, where
evaporation is carried out inside special distillation equipment. The added amount of sodium
hydroxide or carbonate is usually slightly more or less than the stoichiometric amount of HSS
present in the degraded amine stream.

According to El Moudir et al. (2012), the advantages of thermal reclaiming are that it is economic
when degradation is medium to high, produces low quantities of waste, consumes less water and
chemicals and is good for low to medium boiling solvents. However, they also state that the
disadvantages are not being as economical for low contamination levels, more difficult for high
boiling point amines, amine loss in waste could be high, waste is considered hazardous and high
energy consumption.

Almost all amine solvents should be reclaimed under vacuum at temperatures between 148 and
204 °C. Processes vary from traditional kettle-type reclaimers to continuous flow systems. The
Carbon Capture Reclaiming Services (CCRS) continuous process has overcome the disadvantages
stated above. In this process, the degraded amine feed, which is a slipstream from the main
process, is heated indirectly by mixing with recycled degradation product before being fed to the
vacuum flash vessel. The HSS and degradation products are the bottoms from the vessel, while
the overhead is the water, amine and non-condensable gases. The overhead is sent to a condenser
and separator to recover the clean solvent, while the vapour from the separator is non-condensable
gases and some water vapour. The low amount of waste, which has a small amount of amine in it,
is typically disposed of down deep wells. The waste contains up to 15% amine, which keeps it
fluid at temperature, but if the waste cools, the viscosity can be reduced by simply adding water.
While the original process was batch removal of the waste product, modern versions can run
continuously. To avoid plugging, the system is designed to have flushes as necessary.



To reduce heating requirements, some systems utilize heat integration by using the flash overhead
to pre-heat the feed upstream of the mixing heating.

Vacuum Distillation Reclaiming is considered the only process that can remove essentially all
contaminants from an amine solution. Quite simply, any contaminant that does not boil near the
same temperature and pressure as the amine or water will not distill and will thereby be separated
and removed from the solution. This should be considered as a relatively inexpensive “insurance
policy” for solvent assurance, as it is well known that this has been one of the biggest factors in
carbon capture projects, over expense and under performance.

This system was originally demonstrated with DEA and has a long history of success, starting in
the early 1990s with amine recovery typically well over 90% and HSS and degradation product
removal down to low ppm levels for a wide variety of solvents. The process has been improved
over many versions, and additional distillation has been added to separate degradation products
with boiling points close to the clean product or to separate amines and glycols (with the same
process able to reclaim glycols as well).

Chemical analysis

For the optimal operation of any reclamation project, laboratory support is a must. The analysis of
the solvent during the reclamation project ensures that the technology is working as intended. The
analysis will also give insight into where the sources of contamination lie, with the contaminant
profile acting as a fingerprint.

A CCRS project facility is equipped to conduct detailed ion chromatographic analysis, high-
pressure liquid chromatography (HPLC), gas chromatography (GC), total alkalinity, neutralization
alkalinity, water content, and detailed metals analysis of all solvents processed. These tests
accurately quantify the HSS, degradation products, and contaminants found in the solvents. Access
to a large chemical library and detailed analysis give confidence in providing accurate
measurements for all commercially available solvent systems.

The analytical services include a bench-scale system that replicates the CCRS process. This setup
enables proof-of-concept testing for clients and operators, allowing us to demonstrate the system’s
mass balance and fine-tune the process for any new solvent formulations.

Case Studies

A recent campaign conducted by CCRS focused on an MDEA stream used by a mid-stream
company. In this unit, the company had a recurring issue with a wide variety of impurities with
differing physical properties and concentrations including cations and anions, solids and
particulates and degradation product buildup. After several campaigns from both electrodialysis
and ion exchange providers, there were still several thousand ppm of bicine left in the solvent.
While both technologies were able to remove the heat-stable salts, they struggled to remove the



bicine from the system. In this system, the degradation products and HSS content were removed
while the unit remained in operation. The decline curves for both the degradation products and the
HSS are shown in Figure 1.
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Figure 1. (Top) The decline curve for the degradation products in the MDEA stream. (Bottom)
The decline curve for the HSS content of the MDEA stream.

In this campaign, the total degradation products were reduced to below 5,000 ppmy from over
35,000 ppmy, and HSS concentrations were lowered to less than 500 ppmyw from nearly 6,000
ppmy. In this process, the distilled product contained no detectable degradation products, and the
HSS concentration was less than 20 ppmy.

In another project, a blended amine solution used in a carbon capture system was brought for
distillation. The solvent had been heavily degraded to the extent that the degradation products
equalled the concentration of amine in the solution. The distilled product showed no discolouration



and was completely transparent (Figure 2). The chemical analysis showed that only the pure amine
was recovered, and the recovery yield was over 85% of the original mass.

Figure 2. (Left) The undistilled solvent, (Right) the distilled solvent.

Conclusions
As stated by Jorgensen et al. (2022):

“Aqueous amine solvents can be a significant portion of the operating cost of CO; capture systems,
with some costing over $40 per kg. If you consider a $40 per kg amine solvent that degrades at 0.5
kg per COz ton captured, this solvent will cost $20 per ton of CO; captured in terms of solvent
replacement from degradation. If this solvent is used at a plant that captures 1 million CO> tons
per year, then the solvent replacement will cost $20 million per year.”

To achieve the highest level of process unit efficiency from a technical, environmental, and
economic perspective, every treating molecule that circulates between the absorber, the hydraulic



function, and the regenerator must be at peak efficiency at all times. A properly designed
purification system can confidently achieve this goal.

As such, solvent reclamation can provide an inexpensive “insurance policy” against high costs and
startup delays as experienced by some large projects to date. In addition, modern thermal
reclamation is considered the most robust method for the comprehensive simultaneous removal of
all expected impurities, including solids and particulates, heat-stable salts, and degradation
products.
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