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Abstract 
 

Recently mixed amines become the preferred formulated solvents for CO2 capture from 

flue gases to meet the cleanup targets at minimum energy consumptions in many 

commercial large CO2 capture operations, such as Boundary Dam and Parish Petra Nova 

CO2 Capture Plants. These amine solutions are degraded by reaction with O2, SOx, NOx, 

and other gas impurities to form heat stable salts and degradation products. A laboratory 

thermal reclaimer was designed to study the solvent separation from these degradation 

products and recovered solvent purity for both the singular and mixed. Industrial degraded 

samples were collected and processed using this facile reclaimer apparatus. A detailed 

analysis of the feed stream and the recovered product stream showed that this facile 

reclamation process can remove most of the undesirable impurities and restore the 

solvent to almost its original purity. These obtained technical data could be useful for 

scaling-up and designing of the commercial solvent reclaimers, especially for the CO2 

capture plants. 
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Nomenclature/Abbreviation  
 

2-MAE                     2-(Methylamino)ethanol 

CFCs            Chlorofluorocarbons 

CH4   Methane 

CCR                        Canadian Chemical Reclaiming  

CCS                         Carbon capture and storage 

CO2             Carbon dioxide 

Conc.                       Concentration 

CuCo3                      Copper carbonate  

NaVO3                                Sodium metavanadate   

DEA   Diethanolamine 

DEEA                       Diethylethanolamine 

DIPA                        Di-isopropanolamine 

EDU                         Electrodialysis units 

EEA                         Ethylethanolamine 

GC-MS            Gas Chromatography-Mass Spectrometry 

GHG             Greenhouse gas 

H2O                          Water  

HCl   Hydrochloric acid 

He   Helium gas 

HEED   Hydroxyethylethylenediamine 

HEIA   N-(2-hydroxyethyl)-imidazolidinone 

HSSs   Heat stable salts 

HSSX                      Ion exchange reclaimer developed by MPR service Inc. 

MDEA   N-methyldiethanolamine  

MEA   Monoethanolamine 









3 

 

1.2 Amine Solvent Degradation  

All amines are degraded at high temperatures and by reaction with CO2, O2, NOx, and 

SOx [11].  The first type of degradation, also named thermal degradation, usually occurs 

in very hot conditions, such as the stripper and reclaimer. This type of decomposition can 

be avoided by proper design of these sections and through proper control of operational 

pressures. The second type of degradation is called chemical degradation, which could 

lead to the formation of heat-stable salts (HSSs) and amine degradation products [10], 

[13]. These peculiar degradation products cannot be regenerated or converted back to 

the original amine(s) under stripper conditions [10], [21]. 

With the recycling of solvent between the absorption and desorption process, these non-

regenerated impurities accumulate in the solution, which can cause a series of 

operational problems when the concentration of HSSs reaches higher than 10% by weight 

[11], [21]. The potential problems caused by degradation products are summarized by 

ElMoudir (2012) [13]. They are: 

1- Reduction in CO2 absorption capacity; 

2- Foaming and increased foaming tendency [22]; 

3- Corrosivity and further degradation due to the formation of corrosion products 

(degradation promoter); 

4- Fouling of equipment due to the presence of corrosion and degradation products;  

5- Increased solvent regeneration energy requirements and operational costs. 

Thus, contaminants presented in the amine solution should be removed to maintain the 

process continuity and reduce the total operating costs. The amine reclaiming 

technologies are usually used to purify and recycle the solvent.  

1.3 Amine reclaiming methods 

All amine solvents can be degraded with exposure to impurities to form non-regenerated 

HSSs and degradation products. These contaminants can accumulate in the solution and 
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2. Chapter two contains a literature review, including the development of amine-based 

CO2 capture using primary amines, such as MEA, and formulated amines, such 

as MEA/MDEA. The study of degradation processes triggered by flue gas 

impurities; and the investigation of reclamation technologies along with their 

advantages and disadvantages. 

3. Chapter three summarizes the experimental equipment and procedures used in this 

work. The original reclaimer set-up and the operational parameters are introduced. 

The main analysis techniques and the procedures are included as well.  

4. In chapter four, a novel system by creating a thermosiphon effect in the evaporator is 

designed for the recovery of degraded MEA solution. To evaluate the efficiency 

of both newly designed and the original processes, the detailed analysis of the 

feed, process fluids, and waste of both amine solvents recovery processes are 

conducted. The product rate in the novel system is increased by 6 times compared 

to the original process. 

5. In chapter five, the degraded MEA/MDEA blended solution is recovered utilizing the 

conventional system with a novel designed reclaiming method. The degraded 

formulated MEA/MDEA solution is restored to almost its original total solvent 

concentration with a high ratio of MDEA to MEA using the novel process. The 

special reclaiming technology produces minimum waste for disposal, which is an 

environmentally friendly benefit for the industries.  

6. Chapter five provides the conclusion of this research and the recommendations for 

future study. 
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compounds are oxazolidone-2 (OZD), hydroxyethylethylenediamine (HEED), N-(2-

hydroxyethyl)-imidazolidinone (HEIA), and urea [11], [30], [32], [41].  

The proposed mechanism for CO2 induced degradation includes two steps [11]. First, 

MEA reacts with CO2 to form monoethanolamine carbamate in the absorber. Second, this 

carbamate condenses to form OZD. Then, OZD reacts with another molecule of MEA to 

form HEED which reacts with a CO2 molecule to form another carbamate. At this step, an 

intramolecular cyclization produces HEIA [28], which is a very stable and major 

degradation product [15], [30], [32]. Furthermore, through the reaction between 

carbamate and MEA, urea can also be produced [30], which is not favorable, and thus is 

not considered as a major degradation product.  

2.1.2.2 CO2 induced degradation of MDEA  

The alkanolamines react in the following order with acid gas: (i) primary amines, (ii) 

secondary amines, and (iii) tertiary amines. MDEA, as a tertiary amine, is much more 

inactive than MEA. Kohl [22] claimed that MDEA is not degraded due to CO2 because 

MDEA, without a hydrogen atom attached directly to the nitrogen, cannot react with CO2 

to form carbamate. However, Gouedard  [28] reported that tertiary amines can react with 

CO2 to form hydrogen carbonate which leads to a series of degradation products. Chakma 

[44] studied MDEA degradation in CO2 circumstances and claimed that there were 

twenty-one degradation products. They are mainly amines and cyclic compounds. 

2.1.3 Degradation of MEA/MDEA blends 

All alkanolamines are subject to degradation when exposed to the flue gas impurities. 

Each MEA or MDEA produces unique degradation products when becoming in contact 

with the flue gases. In addition, when MEA and MDEA are mixed, the resulting 

degradation products are much more complicated than an accumulation of their separate 

degradation products. This is due to the interaction among their degradation products 

which form new compounds [45]. The beneficial result is that when MDEA is added into 

the MEA solution, MDEA degrades more easily than MEA, which is contrary to the order 

of degradation of single amines. This character of MDEA helps to protect the activity of 

MEA and maintains a high rate of CO2 absorption for a longer time.  



9 

 

Lawal and Idem (2005) [46] described the effect of adding O2, CO2, or both to MDEA and 

MEA systems on degradation mechanisms and degradation products. The results 

demonstrated that the mechanisms change not only with the shift of impurities but also 

with system temperatures and the ratios of MDEA and MEA. As a result, various reaction 

products, such as HSSs, organic acids, ester, amines, alcohols, and cyclic compounds, 

were seen in different systems.  

In addition, Lawal et al [25] claimed that there is a possibility of oxidative degradation in 

the stripper condition because O2 is created as a byproduct of some of the reactions in 

the MEA-MDEA-H2O-CO2 system based on the mechanisms of CO2 induced degradation. 

However, higher CO2 loading reduces the extent of oxidative degradation. Lawal, Bello, 

and Idem [25] concluded that, in general, MDEA is favorably degraded to protect MEA.  

2.2 Purification of Alkanolamine Solvent 

As amines contact with the flue gas impurities, they form HSSs and degradation products 

that cannot be regenerated under the stripper conditions [10]. These unregenerate 

products accumulate in the solutions. When the concentration of the contaminants is 

lower than 10% of the active pure amine solvent or less than 1 weight % (wt %) of the 

solvent solution, the contaminants might not have a significant effect on the operation [11]. 

However, with the operation going on, the impurities accumulate in the solution, and when 

the contaminant content exceeds that level, they can cause operational difficulties. These 

difficulties include solvent loss, corrosion, foaming or foaming tendency, fouling, and 

increase in viscosity [11], [13]. Therefore, to operate the CO2 capture process effectively 

and smoothly, the impurities should be removed from the solution to maintain the 

concentration of impurities at a controlled level.  

The contaminated solvent can be managed by solution purge or solution purification. 

Solution purge is not a suitable economical or environmental approach for operating of 

the CO2 capture plant. The purification techniques, including thermal reclaiming, ion 

exchange, and electrodialysis, are usually used to clean up the degraded amine solutions. 

Thermal reclamation can separate all contaminants from the degraded solvent solution 

and have been commercialized [47]. Ion exchange and electrodialysis are also gaining 
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A new solvent reclaimer system, called HTC Delta Reclaimer [51], has been designed for 

an 800 ton per day CO2 MEA capture plant at the Searles Valley Minerals Facility (SVM). 

When the reclaimed solvent concentration is almost the same as the feed, the process is 

steady-state under which the cleaned amine solution can be returned directly to the 

absorber column for further CO2 removal as shown in Figure 2-2 [47].   

 

Figure 2- 2 Delta Reclaimer Integration at the SVM CO2 Capture Plant  

2.2.2 Ion exchange 

Continuous ion exchange is a reverse operation that includes loading and regeneration 

steps of the ion exchange resin, equations 2-4 and 2-5. For the loading step, the 

undesirable HSSs anions bond with the ion exchange resin which is usually treated with 

a strong base such as sodium hydroxide (NaOH) and the resulting bond releases the 

corresponding amines and form water. For the regeneration step, a strong base (i.e. 

sodium hydroxide) is added to recover the bonded resin anion and remove the HSSs 

anions from the resin system [10]. This process keeps contaminants at a lower total 

concentration and thus prevents operational problems [13]. 

Loading step: Amine H+ +HSS +Resin OH-=Amine + H2O + Resin+ HSS-               2-4 

Regeneration step: Resin+ HSS-+NaOH= Resin+ OH-+ Na+ HSS-                            2-5 
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2.2.4 comparison of technologies 

The three main amine reclaiming technologies are introduced in sections 2.3.1 to 2.3.3. 

Many advantages and disadvantages exist, some of which are highlighted in Table 2-2. 

The most significant advantage of thermal reclamation is the ability to remove all 

contaminants from an amine solution. The most significant drawback is that its energy 

consumption accounts for a large proportion of operating costs in running a CO2 capture 

plant. This technique is preferably used to purify a primary amine and a formulated amine. 

Ion exchange and EDU do not operate at high temperatures and are not intensive energy 

techniques. However, Ion exchange and EDU have some limitations compared to thermal 

reclamation. Using a cooler is necessary to cool down the hot lean amine solution before 

it is applied in ion exchange or EDU process. Additional disadvantages in operating ion 

exchange and EDU include being unable to handle non-ionic contaminants and producing 

a large amount of aqueous waste that requires disposal.   

Ion exchange is chemically simple and has a low energy requirement. It is ideal when the 

HSSs concentration is low. However, the resin design and application in a CO2 capture 

system still faces technical and operational challenges. EDU consume less amount of 

chemicals and water and have a higher energy requirement compared to ion exchange. 

EDU competes with vacuum distillation in recovering high boiling point amines. A 

challenge of EDU is the selectivity of ion exchange membranes that work at high pH 

conditions. Another drawback in operating EDU is the fouling of membranes which is 

caused by solid impurities in the amine solution.  
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Chapter 3: Experimental Apparatus and Procedures  
 

This study is a continuous work with the previous study. The thermal reclaiming setup 

designed in the previous study is introduced first.  The analysis approaches, procedures, 

and the chemicals used in this work are provided in this chapter as well. The analyses of 

the properties of degraded amine solvent and the distillate are required for the evaluation 

of the reclaiming products. These properties include the refractive index, total and 

individual amine solvent concentration, the content of HSSs, CO2 loading, and chemical 

molecular structures. The indices of refraction can be obtained by a digital refractive index 

detector. Titration is used to check amine solvent concentration, CO2 loading, and HSSs 

of the degraded amine solutions and the products. Gas Chromatography-Mass 

Spectrometry (GC-MS) is utilized to identify the molecular structures of organic chemicals 

in a sample. The individual amine solvent concentration can also be calculated based on 

the reference standard chemical information with the GC-MS. This chapter provides a 

brief introduction to the chemicals, analysis approaches, the distillation set-up and the 

procedures involved in this work.  

3.1  Experimental thermal reclaiming setup 

Distillation technique is widely used for purifying and separating aqueous substances 

based on their relative volatility or boiling points [56], [57]. This technique is also applied 

for purifying the decomposed amine solutions. The purified amine solvent either is 

collected as a product or is sent back to the cycling system for further CO2 capture. 

Meanwhile, the high-boiling degradation products and suspended solids remained in the 

residue. The distillation process can be carried out in a continuous batch or a semi-batch 

mode. Batch distillation is frequently used in separating liquid mixtures. Conventional 

batch distillation is composed of a bottom reboiler and a rectifying column with a 

condenser. A semi-batch distillation is like the conventional one but with semi-continuous 

feed mode. A continuous batch distillation, which is usually designed for long hours of 

operation is composed of a rectifying section and a stripping section [68]. 
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the index of refraction at room temperature. The titration technique will be conducted to 

obtain the exact total amine concentration.  

3.4  Determination of amine solvent concentration, CO2 loading, and heat stable 
salts 

Total amine concentration, total heat stable salts content, and CO2 loading are 

determined by an acid-base titration method [60]. Similar methods have been obtained 

from ElMoudir [13]. In this research, 0.1N or 1.0N HCl was used as a standard solution. 

In this research, total amine concentration indicates the total amount of MEA or mixed 

MEA and MDEA in the solution. In the latter case, the ratio of MEA to MDEA is determined 

by GC-MS analysis. Both CO2 loading and HSSs are titrated using 0.1N NaOH as a 

standard solution. Before titration, in order to determine the content of HSSs, the loaded 

CO2 interfering with the titration result is removed from the solution by sparging N2 to the 

amine solution and using a cation resin or by boiling the solution for 12 to 24 hours. 

Alternatively, another method to measure the CO2 loading is through a displacement 

reaction with a stronger acid, such as HCl. In this method, the loaded CO2 is released to 

a scaled capacity which enables the measurement of the volume of CO2 after reaction 

with HCl. The titration procedures and calculations used in this study are reported by 

deMontigny (2004) [60] in his PhD thesis. ElMoudir (2012) [13] also introduced the 

titration method in his PhD thesis. 

3.5 3 Gas Chromatography-Mass Spectrometry (GC-MS) 

The gas chromatography-mass spectrometry technique has been applied for the analysis 

of the alkanolamines and their degradation products [26]. The samples are injected into 

the inlet of the GC column and then travel the length of the column using an inert carrier 

gas. As the column temperatures increase gradually, different components retained in the 

column are eluted at different times. This allows the attached mass spectrometer to 

capture, ionize, and detect the components separately.  

In this work, the GC-MS instrument (model 7890/5875) from Agilent Technologies was 

used for the analyses using the method reported by Supap et al. (2006) [26]. The 

compounds were identified by matching the obtained mass spectra with the National 
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Table 3- 3 Solvent concentration and refractive index of the reference solutions 

Reference 

solution  

Total solvent 

concentration 

(wt %) 

Solvent 

concentration 

of MEA (wt %) 

Solvent of 

concentration of 

MDEA (wt %) 

Refractive 

index 

#1 1 0.5 0.5 1.3333 

# 2 6 3 3 1.3346 

# 3 12 6 6 1.3362 

# 4 20 10 10 1.3382 

# 5 40 20 20 1.3439 

The refractive index of the reference solution has a linear relationship with the total solvent 

concentration, as shown in Figure 3-2. 

 

Figure 3- 2 Relationship of the refractive index of the reference solution and the 
total solvent concentration 
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From the peak area obtained in the chromatogram, the amount of the sample may be 

determined [62]. In order to determine the amounts of MEA and MDEA in the samples, 

the reference solutions were tested using the GC-MS. The chromatograms of the 

reference samples were shown from Figures 3-3 to 3-7. The peak, which appears at 

around 3 minutes, represents MEA, and the peak at around 14 minutes represents MDEA 

in each chromatogram.  

 

Figure 3- 3  Chromatogram of reference solution #1 
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Figure 3- 4 Chromatogram of reference solution #2 

 

 

Figure 3- 5 Chromatogram of reference solution #3 
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Figure 3- 6 Chromatogram of reference solution #4 

 

Figure 3- 7 Chromatogram of reference solution #5 
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The peak areas of MEA and MDEA were calculated, respectively, by the integration 

program in the GC-MS. The relationships between the peak areas and the solvent 

concentrations of MEA and MDEA, respectively, were plotted in Figure 3-8 based on the 

calculations in Excel 2016. For both MEA and MDEA, the trendline equations and R-

squared values are calculated as follows: 

y = 1,957,323,804.99x + 14,581,230.55 and R² = 1.00                                                 3-3 

y = 751,762,520.32x + 9,406,206.22 and R² = 0.99                                                      3-4 

where y represents the solvent concentration of the amine solvent and x represents the 

peak area of the amine solvent.  

 

Figure 3- 8 Calibration of reference solutions & Data Regression 
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obtained equations of 3-3 and 3-4, and the ratios of MDEA to MEA in the sample was 

able to be obtained as well.  
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the evaporator was added at the top of the evaporator. The novel system is shown in 

Figures 4-1 and 4-2.  

 

 

Figure 4- 1 Designed thermosiphon system 

 

 

 

 

 

 







34 

 

 

Figure 4- 4 Heat transfer in the improved setup 

4.2 Reclaiming degraded MEA solution  

The degraded MEA solution was supplied from an industrial plant. First, the properties of 

the solution were analyzed and summarized in Table 4-1. As the first step, HSSs in the 

solution was neutralized with the 50 wt% sodium hydroxide (NaOH) solution to release 

the bonded amine. The amount of NaOH solution used for neutralization can be 

calculated based on the content of HSSs which is obtained from a titration procedure. 

The neutralized MEA solution was stored in the feeding tank. 

Table 4- 1 Properties of the degraded MEA solution 

Properties Values  

Total Solvent Conc. (wt %) 15.831  

Heat stable salts (wt% as amine) 0.889  

CO2 loading (mol/mol) 0.259  

Density (g/cm3) 1.058  

Color  Yellowish  
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and maintained at almost the same level as that of the feed. The products, the process 

fluids, and the waste were collected for analyses. 

4.3 Results and analysis 

4.3.1 Rate of product 

The degraded monoethanolamine solution from an industrial plant was reclaimed in both 

the original and enhanced setups. After recording the volumes of the products and the 

collection time, the rates of products were calculated and plotted in Figure 4-5. This figure 

shows that the production rates of the MEA solution for the enhanced setup were higher 

from the beginning of the run to the steady-state condition when compared to the original 

setup. At the steady-state, the average rate of products obtained with the enhanced setup 

and the original setup were 2.64mL/min and 0.42mL/min, respectively. The average rate 

of reclaiming the degraded MEA solution increased by 6.28 times, using the enhanced 

setup.  

The higher rate of the product may be explained for two reasons. One explanation is 

associated with the designed cylinder, which caused the thermosiphon movement and 

the temperature difference between the annulus and inner liquid. Specifically, the 

thermosiphon movement increased heat convection. The other reason was that the 

deeper vacuum pressure was applied in the enhanced setup, while in the original setup, 

the deeper vacuum pressure could not be applied due to the bumping effect which was 

avoided in the enhanced set-up.  
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Figure 4- 5 Comparison of the production rates obtained in the two setups 

4.3.2 Appearance of product  

The degraded MEA solution from the industrial plant was yellowish. The collected product 

was colorless and the same as the pure MEA aqueous solution. As the distillation recycles 

progressed, the color of the liquid in the evaporator became deeper and deeper dark with 

the concentrating of the impurities in the liquid. Figure 4-6 shows the colors of the feed, 

product, and waste.  

The color change is a visual indication for product purity. It could also be used as a 

method to determine whether the process was running smoothly. If the color of the 

product was yellow or light yellow, it could be assumed to be caused by an entertained 

liquid from the evaporator which would contaminate the product. This happened if the 

bump occurred in the evaporator. 
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operational conditions, thus, the recovered amine solvent restored its original CO2 

removal capacity.  

Table 4- 3 Properties of feed and products 

 Total Solvent 

Conc. (wt %) 

Heat stable salts 

(wt % as amine) 

Refractive 

indices 

CO2 loading 

(mol/mol) 

Feed 15.831 0.889 1.3601 0.26 

Product #1 

(25.25hr) 

23.340 0.0194 1.3587 0.01 

Product #2 

(26.65hr) 

22.678 0.0158 1.3581 0.007 

Product #3 

(28.05hr) 

23.784 0.0258 1.3589 0.004 

(calculations based on the density of the product 1.0053g/cm3 [65]). 

 

Figure 4- 8 Comparison of total solvent concentrations, HSSs, refractive indices, 
and CO2 loading of the MEA feed, products 
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