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Abstract 

SO2 is the main acidic impurity in flue gas and will affect amine degradation in CO2 capture process. This 
work introduced SO2/Na2SO3 in various experiment conditions of MEA (monoethanolamine) oxidative 
degradation and evaluated the SO2 effect on MEA degradation considering both oxidative and thermal 
degradation. 60 ppm SO2 could inhibit MEA oxidative degradation by scavenging oxidative radicals in 
absorber condition. Higher concentration of SO2 does not enhance the inhibitory effect, but will increase 
the corrosivity of the solution. NH3 is promoted by sulfite and becomes significant in MEA thermal 
degradation. Thiosulfate, the disproportionation product of sulfite, is believed to be the catalyst of SN2 
reaction. Na2SO3 was used to test SO3

2- effect on thermal degradation of EDA (ethylenediamine), 2-PE 
(2-piperidineethanol) and PZ/AMP (piperazine /2-amino-2-methyl-1-propanol) solution. Alkyl structure 
of amines has important effect on the SN2 reactions. 
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1. Introduction 

Amine degradation is one of the main issues in chemical absorption method for CO2 capture. 
Degradation of amine increases the corrosivity and foaming tendency of amine solution, while decreasing 
the absorption rate and recycle capacity. The makeup cost was estimated to contribute about 10% to the 
cost of CO2 capture using MEA (monoethanolamine) solution [1]. 

SO2, as an important pollutant in flue gas, has been reported to speed up amine degradation in pilot 
scale [2,3] and can not be stripped out at CO2 stripping condition [4]. Cansolve [5] reported their integration 
system including a desulfurization unit and a CO2 recovery unit. In this system, SO2 was removed 
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completely in the desulfurization unit, as fine desulfurization is costly. The remaining SO2 will be 
converted to sulfite in CO2 absorber, which was reported to prevent amine oxidative degradation.  

In laboratory research, Na2SO3 was added into the amine solution as inhibitor for oxidative degradation 
[6-8], while SO2 (gas) was reported to induce MEA degradation with O2 present [9,10]. Previous work [11] 
suggested that SO2 or Na2SO3 promoted NH3 formation in MEA thermal degradation. The different 
experiment results suggest that SO2 may have several different kinds of effect on amine degradation.  

This work introduced SO2 or Na2SO3 in various experiment conditions of MEA oxidative degradation 
and evaluated the SO2 effect on MEA degradation based on experiment results from both oxidative and 
thermal degradation. Na2SO3 was added into three other amine solutions to test SO3

2- effect on amine 
thermal degradation. 

2. Experimental methods 

2.1. Oxidative degradation experiment 

Oxidative degradation experiments were performed using a 1 L stainless steel autoclave reactor. 500 
mL 30 wt. % MEA solution with 0.4 CO2 loading was used for each experiment. The agitator was always 
set at 1000 rpm to accelerate mass transfer. About 5 mL solution was sampled after abandoning 13 mL 
(dead volume). This work tried to evaluate the SO2 effect on MEA oxidative degradation in absorber   
condition (55oC), and stripper condition (100oC) separately.  

For the experiments at 55oC, the system was kept at atmosphere. 7.5 L/min simulated gas was bubbled 
into the solution at the bottom with 2% CO2 to maintain the CO2 loading in liquid phase and 20% O2 to 
accelerate oxidative degradation. SO2 concentration varied from 0 to 150 ppm. The balance gas was N2. 
Since the gas flow will be saturated with water, a constant flow pump was used to add deionized water 
into the reactor. 1-3 mM NaCl was added into the solution, so that concentration of Cl- could be used to 
correct the concentrations of MEA and degradation products. 

For the experiments at 100oC, the experiment system was sealed and heated to 100oC. Then additional 
250 kPa gas was added into the system. The valve of gas cylinder was kept open to maintain the total 
pressure. When the gas supplement was air or simulated gas, the initial added gas was as same as the gas 
supplement. SO2 (gas) concentration in the simulated gas was 194 ppm, while balance gas is air. When 
the gas supplement was O2, 200 kPa N2 and 50 kPa O2 were added into the autoclave at the beginning. 
Na2SO3 (solid) was used instead of SO2 (gas). 

2.2. Thermal degradation experiment 

MEA thermal degradation experiment method has been described in the previous work [11]. The same 
apparatus (sealed 316L stainless steel reactors and forced convection oven from Memmert) were used in 
this work. Since Na2SO3 and SO2 have similar effect on the MEA thermal degradation [12], Na2SO3 was 
used in this work for convenience. Carbamate always plays an important role in amine thermal 
degradation, while the most significant effect on MEA thermal degradation of sulfite is promoting 
pronated MEA degraded to NH3. H2SO4 was loaded into the solution instead of CO2 to avoid carbamates. 
All the experiments in this part were performed at 150oC to accelerate the reaction and lasted 2 weeks. 

2.3. Analytical methods 

Acid titration method was used to confirm the amine concentration of initial solutions. Precipitate 
titration method was used to confirm the CO2 loading in the initial solution. Amines and cationic 
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degradation products in the degraded solutions were quantitative analyzed by cationic ion 
chromatography (IC) (Dionex DX-120 with CG17/CS17, CSRS 4 mm and RFC30). Anionic degradation 
products and inorganic salt ions were analyzed by anionic IC (Dionex ICS-1000 with AG15/AS15, ASRS 
4 mm and RFC30). Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) (Thermal-
Fisher Advantage ICP-AES) was used for metal concentration dissolved in the solutions. Liquid 
Chromatography (LC) (Varian ProStar 320 UV/Vis detector with C18) was used for qualitative analysis. 

3. Results and discussion 

3.1. SO2 effect on MEA oxidative degradation 

This work evaluated the SO2 effect on MEA oxidative degradation at 55oC by introducing SO2 (gas) 
with simulated flue gas continuously into the solution. The emission limit of SO2 is 100 mg/m3 for new 
coal fired power plants and 200 mg/m3 for existed power plants in China [13], which is about 35 ~ 70 ppm. 
SO2 concentration in the simulated flue gas was set at 60 ppm to simulate the SO2 concentration after 
FGD. All the experiments at 55oC lasted about 120 hours. The effect of 150 ppm SO2 was also tested. 

In the experiment system at 55oC, MEA volatilization is an important issue, which contributed more 
than 50% to the total MEA loss in this work. The analytical error of MEA caused by IC is about 3.5%, 
close to the MEA degradation loss in this work. MEA concentration could not tell the differences clearly. 
The concentrations of degradation products are used to evaluate the SO2 effect here. 

Formate, oxalate, acetate and glycolate are reported as the main anionic MEA oxidative degradation 
products [14]. Both acetate and glycolate were not concentrated, and were covered by MEA carbamate on 
the anionic ion chromatogram in this work. Formate, nitrite and N-(2-hydroxyethyl)oxamide were the 
main quantified anionic products. Since there was no standard substance of N-(2-hydroxyethyl)oxamide, 
the standard curve of formate on a molar basis was used to estimate the concentration of N-(2-
hydroxyethyl) oxamide. 

The concentrations of degradation products in the experiments without SO2 and with 60 ppm, 150 ppm 
SO2 are compared in Fig. 1. The concentrations of oxidative degradation products of MEA decreased with 
SO2 obviously. Especially, formate and N-(2-hydroxyethyl)oxamide are not detectable during the whole 
experiments with 60 ppm SO2. The final samples of experiments with 0 ppm SO2 and 60 ppm SO2 were 
qualitatively analyzed by LC. Degradation products are obvious in the former sample, but can’t be 
detected in the later sample. SO2 (gas) inhibits MEA oxidative degradation in the absorber condition, 
agreeing with Hakka et al [15]. 

Several researchers have reported that sulfite could inhibit MEA oxidative degradation by scavenging 
oxidative radicals [6, 10, 15]. The SO2 bubbled into the solution was almost converted to sulfite and sulfate. 
With oxidation reaction going on, sulfite concentration was maintained at a relative stable level, while 
sulfate concentration was increasing all the time during the experiments in this work. The sulfite and 
sulfate concentrations in the above experiments are shown in Fig. 2. 

One interesting phenomenon is that degradation products are more concentrated with 150 ppm SO2 
than that with 60 ppm SO2 in the simulated gas, which goes against the explanation for SO2 inhibiting 
MEA oxidative degradation. There should be some other elements or mechanisms affecting the oxidative 
degradation process. Since the reactor was made of stainless steel, higher concentration of SO2 (150 ppm) 
could increase the corrosivity of MEA solution. ICP-AES was used to analyze the dissolved metal 
concentrations in the final samples of the above experiments, as shown in Fig. 3. 

Metal’ concentrations were increased with 150 ppm SO2. Fe2+ is the most concentrated corrosion 
product in amine solutions, and also an important catalyst for amine oxidative degradation. The catalysis 
of ferrous ion may be the reason for the weakening of inhibitory effect of 150 ppm SO2. This work also 
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investigated the effect of SO2 on MEA oxidative degradation with 0.47 mmol/kg ferrous ion in the 
solution, as shown in Fig. 4. 

The oxidative degradation products decreased with 60 ppm SO2 in the experiment when 0.47 mmol/kg 
ferrous ion was added into the initial solution. 60 ppm SO2 could still inhibit the oxidative degradation 
with Fe2+, though the effect was weakened. 

 

 

Fig. 1. SO2 effect on anionic products at 55oC Fig. 2. Sulfate and sulfite concentration at 55oC 

 
 

Fig. 3. Dissolved metals in final samples at 55oC Fig. 4. 60 ppm SO2 effect on anionic products with Fe2+ 
catalyst 

     The experiment system was sealed in the oxidative degradation experiments that performed at 100oC, 
so that volatility of MEA and water evaporation did not affect MEA loss analysis obviously. On the 
contrast, O2 partial pressure, one of the most important experiment conditions, could not be constant in 
the sealed reactor. Oxidation reaction consumed O2, while N2 or the gaseous degradation products 
accumulated in the gas phase. O2 partial pressure was decreasing during the experiments. As a fact, the 
average O2 partial pressure in the experiments with air/simulated gas supplemented was much lower than 
that in the experiment with O2 supplemented. At the same time, the sampling process would bring more 
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uncertainty to the O2 partial pressure. All the oxidative degradation experiments at 100oC lasted 30 hours 
without any inter-sampling. 

When the gas supplement was air/simulate gas, O2 concentration in the supplement gas was 21%. SO2 
concentration is 194 ppm in the simulated gas compared with 0 in the air. The ratio of remained MEA 
after 30 hours with air supplement and simulated gas supplement are compared in Fig. 5. MEA loss was 
always within the analysis error range in these conditions. 

  
Fig. 5. 194 ppm SO2 effect on the ratio of remained MEA at 

100oC with air supplement 
Fig. 6. 194 ppm SO2 effect on degradation products at 

100oC with air supplement 
    NH3 is the main gas gaseous product in MEA oxidative degradation [16]. It was dissolved in MEA 
solution and made ammonium the most concentrated product in the oxidative degradation samples at 
100oC. The concentrations of main degradation products with air supplement and simulated gas 
supplement are compared in Fig. 6.All the anionic degradation products’ concentrations were lower than 
3 mmol/kg, and not affected significantly by the SO2 in the gas supplement. 

Pure O2 was supplied into the experiment to maintain the O2 partial pressure and accelerate the 
oxidation process. Na2SO3 (solid) was added into MEA solution at the beginning instead of SO2 (gas) in 
this condition. In 30 hours experiments, MEA loss was about 10% in the experiments with O2 
supplement. 268 mmol/kg Na2SO3 does not have obvious effect. The concentrations of degradation 
products are shown in Fig. 7. In another independent experiment, 267 mM Na2SO3 was proved to be 
almost oxidized completely in the first hour with O2 supplement and did not show significant effect on the 
following MEA oxidative degradation.  
 

Fig. 7. 268 mmol/kg Na2SO3 effect on degradation products at 100oC with O2 supplement 
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In the above experiments, SO2 does not promote MEA oxidative degradation with higher O2 pressure 
than that in flue gas, while the oxidation process of sulfite scavenges the oxidative radicals and could be 
used to inhibit MEA oxidative degradation in the absorber condition. SO2 may promote the amine 
degradation by increasing catalyst concentration in the oxidative degradation. SO2 (gas) or Na2SO3 (solid) 
did not show significant effect on MEA oxidative degradation at 100oC. 

3.2. SO2 effect on MEA thermal degradation 

Previous work [11, 12] has reported that MEA thermal degradation rate did not change obviously with 
H2SO4, SO2 or Na2SO3. On the other hand, sulfite was found to promote ammonia production in MEA 
thermal degradation process. Na2SO3 showed similar effect with SO2 on MEA thermal degradation. 
Protonated MEA is the source of ammonia product. Bimolecular nucleophilic substitution (SN2) reaction 
was used to explain this phenomenon, as shown in equation (1), where Nu: is nucleophilic reagent with 
lone pair electrons. 

 
(1) 

     Ammonia could also be the product of MEA decomposing in stripper condition, as equation (2) [17].  

+NH2
OH

NH3 O (2) 

Ethylene oxide (EO) and ammonia are used to produce MEA in industry. EO could also react with the 
other nucleophilic reagents, such as MEA and H2O, in MEA solution readily. EO could be the 
intermediate product of SN2 reactions. The hydroxyl of MEA molecule could participate in the SN2 
reactions as neighboring group. 

Similar SN2 reactions and intermolecular nucleophilic substitution reactions could be possible for other 
alkylol amines and diamines. Amine group could also participate in the nucleophilic substitution reactions 
and produce aziridinium salts. However, these intermediate products could not be proved [18]. 

The SN2 reactions between MEA and the nucleophilic reagents were catalyzed with added SO2 or 
Na2SO3, while disproportionation of sulfite was always detected at the same time. On the contrast, sulfite 
showed no effect on the SN2 reaction of the quaternary with amine at 140oC [19]. Thiosulfate may be the 
catalyst for the SN2 reactions instead of sulfite. 

3.3.  SO2 effect on thermal degradation of other amines 

      Table 1. Summary of thermal degradation experiments 

Expt Amine Amine Con. (mol/kg) H2SO4 Con. (mol/kg) Na2SO3 Con. (mol/kg) 

P1 EDA 2.86 1.11 0 

P2 EDA 2.75 1.07 0.31 

P3 2-PE 2.51 0.50 0 

P4 2-PE 2.46 0.49 0.14 

P5 PZ/AMP 1.86/1.25 0.98 0 

P6 PZ/AMP 1.79/1.21 0.94 0.27 

      



902   Shan Zhou et al.  /  Energy Procedia   37  ( 2013 )  896 – 904 

    SO2 effect on amine thermal degradation was further tested using EDA (ethylenediamine), 2-PE (2-
piperidine ethanol) and PZ/AMP (piperazine /2-amino-2-methyl-1-propanol) solution.  Carbamate is the 
key species in thermal degradation of various alkanolamines and diamines solutions with CO2 loading, 
except PZ [18, 20]. Carbamate polymerization is much more significant than SN2 reactions for these amines. 
Although SN2 reaction is one of the main mechanisms of concentrated PZ thermal degradation, the 
reaction rate is pretty slow at 150oC [21].  
     H2SO4 was used to protonate amines to avoid carbamate, while Na2SO3 was used to introduce sulfite 
into the solutions. The concentrations of amines and additives are shown in Table 1. 

Similar with equation (1), equation (3) to (9) could be the reaction equations for the tested amines. 
Ammonia is the most obvious product of the SN2 reactions in which amino group are substituted. EDA is 
also one of the important products of SN2 reactions of diamines.  

EDA 
 

(3) 

2-PE 
OHNH2

+ OH

NH2

Nu1
++ Nu1: (4) 

 +
OH

Nu2
+

Nu1 + NH3

OH

NH3
+

Nu1 Nu2: (5) 

AMP (6) 

PZ 
 

(7) 

 
 

(8) 

 
 

(9) 

4. Conclusion 

     This work evaluated the SO2 effect on MEA degradation considering both oxidative and thermal 
degradation through a series of experiments. It suggested that 60 ppm SO2 could inhibit MEA oxidative 
degradation by scavenging oxidative radicals in absorber condition, while higher concentration of SO2 
(150 ppm) could increase the Fe and thus weakened the inhibitory effect. SO2 or Na2SO3 did not show 
significant effect on MEA oxidative degradation at 100oC. 
        In MEA thermal degradation, NH3 is promoted by sulfite and becomes significant. Thiosulfate, the 
disproportionation product of sulfite, is believed to be the catalyst of SN2 reaction. Na2SO3 was used to 
test SO3

2- effect on thermal degradation of EDA, 2-PE and PZ/AMP solution. The SN2 reactions also 
existed in these amines but would be effected by alkyl construction. 
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