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Abstract 7 

In amine based post-combustion CO2 capture and storage, solvent degradation and corrosion 8 

of steel materials are the main operational challenges. In this paper the focus was on 9 

minimizing degradation and corrosion by addition of inhibitors. The tested amine solution 10 

was 30wt% of the benchmark solvent ethanolamine (MEA). The tested inhibitors were 11 

pyrogallol, alpha,alpha'-(1-Methylethylenediimino)di-ortho-cresol, carbohydrazide, 2-12 

butanone oxime (MEKO), tricine and 1,3-Diaminopropane-N,N,N′,N′-tetraacetic acid 13 

(PDTA). The tests were performed under oxidative degradation conditions. After two weeks, 14 

PDTA showed the best inhibition performance. In addition to the oxidative degradation 15 

experiments, the thermal stability of carbohydrazide and PDTA were tested at 120 °C.  After 16 

2 weeks at stripper conditions, the PDTA loss was less than 50%. However, PDTA showed 17 

high metal concentration, indicating possible corrosion problems on the steel surface. 18 

Carbohydrazide, on the other hand, showed excellent corrosion protection properties, but it is 19 

not stable at 120 °C.  20 
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Nomenclature 33 

AADP-cresol alpha,alpha'-(1-Methylethylenediimino)di-ortho-cresol 34 

Bicine  N,N-Bis(2-hydroxyethyl) glycine 35 

DEA  Diethanolamine 36 

HEA  N-(2-hydroxyethyl) acetamide  37 

HEEDA N-(2-hydroxyethyl) ethylenediamine 38 

HEF  N-(2-hydroxyethyl) formamide  39 

HeGly  N-(2-hydroxyethyl) glycine 40 

HEI  N-(2-hydroxyethyl) imidazole 41 

HEIA  N-(2-hydroxyethyl) imidazolidone 42 

HEPO  4-(2-hydroxyethyl)-2-piperazinone 43 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 44 

LC-MS Liquid Chromatography Mass Spectrometry 45 

MEA  Ethanolamine 46 

MEKO  2-Butanone oxime 47 

MDEA  Methyldiethanolamine 48 

NaVO3  Sodium metavanadate 49 

OZD  2-oxazolidinone 50 

PDTA  1,3-Diaminopropane-N,N,Ν΄Ν΄-tetraacetic acid 51 

 52 

 53 

  54 



1. Introduction 55 

CO2 capture and storage (CCS) applications have the potential to reduce greenhouse gas 56 

emissions, while allowing the continued use of fossil fuels[1]. Of the various processes, post-57 

combustion CCS with amines is one of the most mature, and has already reached commercial 58 

stage[2]. The benchmark solvent, ethanolamine (MEA) has been studied extensively and has 59 

been used in pilot plants[3-6].  60 

However, two of the main challenges of MEA-based CCS are solvent degradation and 61 

equipment corrosion. MEA degradation can be oxidative or thermal. Oxidative degradation is 62 

expected to occur in the absorber in the presence of dissolved oxygen [7].Thermal 63 

degradation takes place in the stripper as a result of CO2 presence and heat. Furthermore, 64 

amine degradation affects system performance by decreasing the efficiency of CO2 capture. 65 

MEA itself is not corrosive, but some degradation products can enhance equipment corrosion 66 

[8]. 67 

Additives can be used to inhibit degradation and corrosion in MEA based post-combustion 68 

CCS plants. Degradation and corrosion are closely tied, and therefore, additives should 69 

inhibit both degradation and corrosion.  So far, the majority of studies have focused either on 70 

degradation or corrosion inhibitors but not on the combined inhibition. 71 

Degradation inhibitors can be either chelating agents, which form a complex with dissolved 72 

metals, or scavengers (e.g. radical, oxygen scavenger)[9]. Corrosion inhibitors can either be 73 

oxidizing passivators (e.g. NaVO3), which promote the formation of a protective layer onto 74 

steel surface, or film forming inhibitors[10] (e.g. the carboxylic acid presented in [11] ).  75 

Some important considerations in selection of corrosion inhibitors are the type of corrosion 76 

(uniform or localized), effect of temperature, and the effect of inhibitors on degradation. The 77 

corrosion inhibitors are usually heavy metal salts of vanadium or copper[12]. One of the main 78 

problems of inhibitors is that many of them are highly toxic in even small concentrations 79 

(very low LD50 values)[13]. Vanadium compounds, particularly sodium metavanadate 80 

(NaVO3), are the most extensively and successfully used in amine treating plants, but these 81 

inorganic inhibitors are toxic to humans and to the environment[11]. In laboratory 82 

experiments, for MEA solutions containing CO2 and heat-stable salts, NaVO3 showed 83 

excellent inhibition efficiency and the best inhibition performance. [14]. Veawab et al.[11] 84 

reported that organic compounds, i.e. a specific carboxylic acid and a specific sulfoxide, 85 

showed promising  corrosion reduction results (75-92%) and the best performance was given 86 

by carboxylic acid[11]. The tested temperatures were 40 oC and 80 oC. Sodium thiosulfate 87 

(Na2S2O3), in a short term exposure, is a very effective corrosion inhibitor, and the presence 88 

of chloride or formate does not affect its performance[15].  89 



Voice and Rochelle [16] have tested various degradation inhibitors for MEA oxidation in 90 

CO2 capture process. Of the various inhibitors, the patented inhibitor A, which is a free-91 

radical scavenger, and 2.5-dimercapto-1.3.4-thiadiazole, which is a sulfur containing 92 

antioxidant, showed promising results. However, none of the tested inhibitors were effective 93 

in stripper conditions. Léonard et al. [9] proposed that radical scavengers can be more 94 

efficient in degradation inhibition compared to chelating agents. Moreover, extra attention 95 

should be paid, because some inhibitors can decrease the thermal stability of MEA[9]. As 96 

discussed above, many of the suggested degradation inhibitors are either thermally stable 97 

under stripper conditions or the stability has not been tested. Thus, it’s important to include 98 

thermal stability tests when testing and developing degradation and corrosion inhibitors. 99 

 100 

In general, inhibitors’ efficiency depends on molecular structure, concentration of the 101 

inhibitor, temperature, type of solution and on the metal surface nature and charge[17]. The 102 

kinetics of the inhibition processes should be studied under various parameters every time a 103 

new inhibitor is being tested. It is of great importance that the chosen inhibitor does not cause 104 

additional problems to the CO2 capture process. 105 

Based on the above literature review and on internal data [18], this paper focused on 106 

investigating non-toxic to humans additives for their performance in degradation and 107 

corrosion inhibition. Carbohydrazide, 2-Butanone oxime (MEKO) and alpha,alpha'-(1-108 

Methylethylenediimino)di-ortho-cresol (AADP-cresol)  are oxygen scavengers while 1,3-109 

Diaminopropane-N,N,Ν΄Ν΄-tetraacetic acid (PDTA), pyrogallol and tricine are chelating 110 

agents. For carbohydrazide and MEKO there is data indicating that they can be degradation 111 

inhibitors [18]. AADP-cresol and pyrogallol have shown effective oxidation stability for 112 

biodiesels[19]. A compound with similar structure with PDTA have been tested by Voice et 113 

al.[16] and showed promising degradation inhibition results.  114 

Six non-toxic to humans degradation inhibitors were tested under oxidative degradation 115 

conditions, with a custom made apparatus. The amine loss and the formate formation are 116 

reported. In addition, the stability and corrosivity of two promising inhibitors was tested 117 

under thermal degradation conditions. 118 

 119 

2. Materials and Methods 120 

2.1 Experimental setup 121 

An existing apparatus[7] was modified and used to investigate the effect of various 122 

degradation inhibitors in 30wt% loaded MEA solutions (0.4 mol CO2/ mol MEA). The basis 123 

for the construction of the apparatus was a Heidolph star-fish multi-experiment setup with 5 124 

reactors. The setup included a MR Hei-End stirrer, a temperature sensor and gas coolers. 125 

200 g of 30wt% MEA solution was put into each of the three-necked 250 mL flasks. For the 126 

initial oxidative degradation experiment, 0.05 M of inhibitor was added. Each reactor is 127 

connected to a gas cooler, gas sparger and a top septum cover. At all connections, grease was 128 

http://www.hgregoire.com/megacenters/hgregoire-saint-lenoard


used to minimize vapor loses. Samples were taken with a HAMILTON 1005 TLL syringe 129 

equipped with a 150 mm stainless steel needle. 130 

Three Alicat mass flow controllers were used in order to achieve the desired gas composition. 131 

In the experiments that were conducted, the gas composition was 98% O2, 2% CO2 and 0% 132 

N2. After the gas mixing, five more mass flow controllers were used to distribute the same 133 

gas flow (20 cm3/min) to each reactor. These mass flow controllers were calibrated before the 134 

experiments. The gas mix is pre-saturated with water before it enters each reactor with the 135 

use of gas water washing flasks. 136 

To speed up MEA degradation, 0.5 mM of FeSO4 was added to all the reactors for all the 137 

experiments. The total experimental time was 2 weeks for each experiment. Samples were 138 

taken out at the beginning of the experiment, after 2 days, 7 days, 10 days and 14 days. 139 

A detailed schematic diagram of the apparatus is presented in Fig. 2.2. 140 

 141 



 142 

 143 

Figure 2.2: Schematic diagram of the inhibitors screening setup. 144 

 145 

2.2 Experimental conditions 146 

As a starting experiment, only 30wt% loaded MEA was used. Although there are 5 parallel 147 

reactors, small variations in MEA loss were observed (MEA loss range 9.8-11.4%). 148 

Moreover, in the reactor with lower MEA loss, the CO2 loading after the experiment was 149 

lower compared to the other (0.03 mol CO2/mol MEA lower). That is why the results from 150 

this reactor were not used in this paper. The remaining 4 reactors showed similar CO2 151 

loadings after the experiments (0.32 mol CO2/mol amine). Water loss was kept low thanks to 152 

the water washing flasks and the grease that was used in all connections. The temperature 153 

was set to 60 oC, and magnetic stirring was performed at 400 rpm. 154 
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As presented earlier, the following MEA degradation inhibitors were tested: pyrogallol, 155 

alpha,alpha'-(1-Methylethylenediimino)di-ortho-cresol, carbohydrazide, 2-Butanone oxime, 156 

tricine and 1,3-Diaminopropane-N,N,N′,N′-tetraacetic acid. All the inhibitors were purchased 157 

from Sigma-Aldrich, with a purity of >98%. The inhibitors that were used are listed in Table 158 

2.1. None of the tested inhibitors was toxic to humans. Carbohydrazide is toxic to aquatic 159 

organisms but not to humans. The LD50 values of the tested inhibitors are given in Table 2.2.  160 

The LD50 value (rat, oral) for MEA is 1089 mg/kg. The LD50 values of PDTA and AAPD-161 

cresol are higher than MEA’s while carbohydrazide is more toxic compared to MEA. MEKO 162 

has very similar toxicity to MEA. 163 

2.3 Amine, CO2 and formate analysis 164 

Amine loss (i.e. the % of amine that is lost from the original 30wt% MEA solution due to 165 

degradation) was determined by titration with sulfuric acid, using a method described in [20].  166 

Anion IC was used for formate quantification at the end of experiments by an ICS-5000 167 

ThermoScinetific Dionex IC system equipped with AS15 as column. The system had an 168 

ASRS300 suppressor (2 mm), a carbonate removal device and a CD conductivity detector.  A 169 

gradient method with KOH as eluent was used. Finally, the precipitation-titration method of 170 

Ma’mun et al. [21] was used for determining CO2 concentrations for the start and end 171 

samples. 172 

2.4 Thermal degradation experiment 173 

2.4.1 ICP-MS for corrosion evaluation 174 

In addition to the oxidative degradation experiments, solutions of 30wt% MEA containing 175 

1wt% of carbohydrazide and of 30wt% MEA containing 1wt% PDTA were tested under 176 

thermal degradation conditions and compared with 30wt% MEA. All the solutions were 177 

loaded (0.4 mol CO2/ mol MEA) and were placed into stainless steel cylinders as described in 178 

more detail by Lepaumier[22]. They were heated in a thermostat chamber at 120 °C for 2 179 

weeks.    180 

Parallels have been used for all the sampling that was taken after 2, 7, 10 and 14 days. In the 181 

end liquid samples, total Fe, Cr, Ni and Mo were analyzed by a high resolution Thermo 182 

Fischer Element 2 ICP-MS, as an indication of corrosivity. 183 

2.4.2 LC-MS for inhibitors’ thermal stability 184 

Furthermore, after sampling, an Agilent 1290 Infinity liquid chromatography system coupled 185 

to an Agilent 6490 Triple Quadrupole Mass Spectrometer equipped with an Agilent Jet 186 

Stream ion source (Agilent Technologies, Santa Clara, CA, USA) was used to investigate the 187 

inhibitors’ stability. The inhibitor PDTA was determined by using the Ascentis express RP-188 

amide column (4,6mmx150mm) with 25 mM formic acid as mobile phase. For the 189 

quantification of carbohydrazide, the Supelco Discovery HS F5 column (4,6x150 mm) with 190 

25 mM formic acid as mobile phase was utilized. 191 



In addition to carbohydrazide and PDTA concentration, the end samples were analyzed by 192 

LC-MS for MEA loss and for the oxidative degradation products HEI, HEF, HEPO, HeGly, 193 

and HEA, and also for the thermal degradation products HEEDA and HEIA and OZD. More 194 

information in regard to the LC-MS method is given by Vevelstad et al. [23]. 195 

Table 2.1: Short, full name, CAS and molecular structure for inhibitors used. 196 

Abreviation Compound CAS Structure 

PDTA 1,3-Diaminopropane-N,N,N′,N′-

tetraacetic acid 

 

1939-36-2 

 

 
Pyrogallol 1,2,3-Trihydroxybenzene 87-66-1 

 
AAPD-cresol alpha,alpha'-(1-

Methylethylenediimino)di-ortho-

cresol 

94-91-7 

 

Carbohydrazide  497-18-7 

 
MEKO 2-Butanone oxime 96-29-7 

 
Tricine N-[Tris(hydroxymethyl) 

methyl]glycine 

 5704-04-1 

  

 
 

 197 

 198 

Table 2.2: LD50 values of the tested inhibitors obtained from Sigma-Aldrich MSDS. 199 

Inhibitors Animal, Route LD50 

Tricine No data available No data available 

AAPD-cresol Rat, Oral 4560 mg/kg 

PDTA Rat, Oral 1600 mg/kg 

MEKO Rat, Oral   930 mg/kg 

Carbohydrazide Rat, Oral   311 mg/kg 

Pyrogallol Mouse, Oral   300 mg/kg 
  200 

http://www.sigmaaldrich.com/catalog/search?term=1939-36-2&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=NO&focus=product
https://www.sigmaaldrich.com/catalog/search?term=5704-04-1&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=NO&focus=product


3. Results and Discussion 201 

3.1 Oxidative degradation inhibition 202 

 203 

During the oxidative degradation experiment, the total alkalinity from the titration method 204 

gives an approximation of the MEA concentration. In Table 3.1 and in Fig 3.1. the % MEA 205 

loss for the various solutions with the addition of 0.05 M of inhibitor is presented. 30wt% 206 

MEA and 30wt% MEA+PDTA plots are the averages of two experiments. The 30wt% 207 

MEA+PDTA values are very close for the 2 experiments (max. 0.5 % differences for all 208 

samples) and for 30wt% MEA the differences are between 1-2%.  It can be seen that after 14 209 

days, all inhibitors except Pyrogallol and Pyrogallol+AAPD-cresol, which showed 15.83 and 210 

16.67% MEA loss respectively, showed less degradation compared to 30wt% MEA solutions 211 

without additives. The MEA loss vs time graph (Fig. 3.1) is plotted for the tested inhibitors 212 

except for Pyrogallol and Pyrogallol+AADP-cresol which clearly increased degradation.  213 

Table 3.1: MEA loss % vs time for the various solutions 214 

  MEA loss% 

Days 
30wt% 

MEA*  

30wt% 

MEA + 

0.05 M 

MEKO 

30wt% 

MEA + 

0.05 M 

PDTA* 

30wt% 

MEA + 

0.05 M 

Tricine 

30wt% MEA + 

0.05 M 

Carbohydrazide 

30wt% MEA 

+ 0.05 M 

Pyrogallol 

30wt% MEA 

+ 0.05 M 

Pyrogallol+ 

AAPD-

cresol 

2 3.0 1.1 0.1 0.4 1.3 5.7 6.5 

7 5.3 4.4 0.9 4.4 5.2 12.2 11.2 

10 7.2 6.8 1.8 5.5 8.2 13.7 14.5 

14 10.2 9.4 2.7 8.0 10.4 15.8 16.7 

*Average of two experiments.  215 



 216 

 Figure 3.1: MEA % loss with the addition of inhibitors 217 

 218 

It can be observed from Fig 3.1 that with the addition of PDTA, the MEA loss was the lowest. 219 

The good degradation inhibition performance of PDTA is due to its chelating agent behavior 220 

and the formation of complexes with dissolved iron. After 2 days, all additives presented in 221 

Figure 3.1 seem to inhibit degradation. However, after 7, 10 and 15 days only PDTA, Trinice 222 

and MEKO have lower MEA loss than uninhibited MEA, whereas the addition of 223 

carbohydrazide doesn’t seem to have a positive effect on the degradation inhibition. The 224 

results with carbohydrazide were not as expected since it has shown promising degradation 225 

inhibition performance in the past [18]. It is possible that by the end of the first week of 226 

experiments, the additives are consumed or degraded, and that they cannot inhibit further the 227 

degradation.  228 

The end samples were analyzed with anion chromatography for formate, and the results are 229 

presented in Fig. 3.2. Formate is linked with oxidative degradation, and has in several cases 230 

been used to evaluate degradation [24]. Inhibitors are expected to inhibit formate formation 231 

as well. In addition, formate can cause severe corrosion problems[25, 26] and is an unwanted 232 

byproduct in amine-based post-combustion CO2 capture[27]. 233 

Comparing Table 3.1 and Figrue 3.2, the association between formate concentration and 234 

degradation can be examined. MEA+Pyrogallol and MEA+Pyrogallol+AAPD-cresol had 5 235 
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and 6 times higher formate concentration than MEA respectively. This is as expected, since 236 

they didn’t inhibit the degradation, and higher amine degradation was observed compared to 237 

30wt% MEA without inhibitor, see Table 3.1. On the other hand, the only inhibitor that 238 

clearly gave lower amine degradation was PDTA and, as expected, lower amounts of formate 239 

(111 mg/L) compared to 30wt% MEA without inhibitors (240 mg/L). When it comes to both 240 

the amine loss and formate concentration in MEA+MEKO and MEA+carbohydrazide 241 

solutions are, as expected, close to each other. However, MEA+Tricine, which had lower 242 

amine loss compared to uninhibited MEA, showed twice as high formate concentration. The 243 

high formate concentration observed from MEA+Tricine is unexpected and no data could be 244 

found from literature that support decomposition of tricine to formate. Tricine was not 245 

investigated further because of the high formate concentration since formate forms heat stable 246 

salt with MEA which increases corrosion [25]. 247 

 248 

Figure 3.2: Formate concentration (mg/L) at the end of experiments 249 

 250 

Based on the results it was decided that PDTA, with its superior performance compared to the 251 

others, would be taken for further testing. Even though carbohydrazide did not give any 252 

degradation inhibition, promising degradation inhibition performance in the past [18] and its 253 

role as corrosion inhibitor (i.e. oxygen scavenger) [28], make it worthwhile to investigate the 254 

observed results. These further studies are presented in chapter 3.2.  255 

 256 
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3.2 Inhibitor efficiency vs Concentration 261 

 262 

An additive can inhibit degradation in one specific concentration while, in another 263 

concentration, can intensify degradation. Finding the optimal concentration for a specific 264 

inhibitor is of great importance for the process. In this chapter, three concentrations were 265 

checked for carbohydrazide and PDTA and the results are presented in Fig. 3.3.In the case of 266 

0.05 M of PDTA and 0.05 M carbohydrazide, the results on this graph are the same as in 267 

Figure 3.1. 268 

From the results, the excellent inhibition performance of PDTA can be observed, and the 269 

degradation decreased with increasing PDTA concentration after 14 days. Also, for 270 

carbohydrazide, the increase of concentration from 0.05 M to 0.1 M improved the 271 

degradation inhibition effect. The data for 0.2M, for reasons unclear, show high degradation 272 

after 2 days, but after that the performance improved. However, the performance of the 0.2 M 273 

carbohydrazide got much better after 2 days, and between 2 to 10 days the amine degradation 274 

was lower in 0.2 M carbohydrazide solution, as compared to 0.1 M carbohydrazide solution 275 

as seen from the lower slope in Figure 3.3. Still, after 10 days, the performance was once 276 

again close to that of 0.1 M carbohydrazide. These results are somewhat inconclusive when it 277 

comes to the optimal concentration. Overall, however, it can be concluded that both 278 

carbohydrazide and PDTA seem to inhibit MEA degradation in presence of oxygen at 60 oC. 279 

Additionally, it seems that the performance is somewhat dependent on the concentration after 280 

2 days. This is a possible indication that the additive was consumed before the seventh day. 281 

The optimal PDTA concentration found in this study is 0.2 M.  282 



 283 

Figure 3.3: MEA % loss with the addition of inhibitors at different concentrations 284 

 285 

3.3 Thermal stability and degradation of inhibitors 286 

3.3.1 Stability test at stripper conditions 287 

As discussed earlier, carbohydrazide and PDTA were the chosen candidates for thermal 288 

stability test. Carbohydrazide was chosen because it is a known corrosion inhibitor, and 289 

PDTA was chosen because it showed the best degradation inhibition. During the thermal 290 

degradation experiment as described in chapter 2.4, two samples of each solution were 291 

analyzed for carbohydrazide and PDTA by LC-MS in order to check the stability of the 292 

inhibitor. In Fig. 3.4, the average of the two parallels is presented for the 293 

MEA+carbohydrazide and MEA+PDTA solutions. Around 50% of PDTA is lost after 2 days. 294 

However, after that, concentration decreases only slowly, indicating that PDTA is partly 295 

thermal stable under these conditions. The LC-MS analysis for PDTA was repeated, but the 296 

results were the same. The reason for this high loss during the first 2 days is unknown, but it 297 

could indicate that some equilibrium reactions between PDTA and the solutions take place. 298 

At 120 °C, carbohydrazide was not stable, and after 2 days, 90% of it was lost. After 7 days, 299 

carbohydrazide had decomposed completely. This was not unexpected since it is known that 300 

carbohydrazide is stable below 100 °C and decomposes between 100 and 155 °C [28]. 301 

Carbohydrazide decomposes to hydrazine. Although hydrazine is a known oxygen scavenger 302 

at fossil fuel plants, there are health, safety and environmental concerns about it[28]. 303 
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 304 
Figure 3.4: Carbohydrazide and PDTA loss% vs time at stripper conditions 305 

 306 

3.3.2 Degradation products formation at stripper conditions 307 

In addition to the thermal stability, the same samples were analyzed for MEA loss (Fig. 3.5) 308 

and for the quantification of the thermal degradation products, i.e. HEEDA, HEIA and OZD 309 

(Fig 3.6). The results were compared with the average of two 30wt% MEA samples that were 310 

used as reference. 311 

 312 
Figure 3.5: MEA loss (mol/L) after 14 days at stripper conditions 313 
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 314 

 315 
Figure 3.6: HEEDA, HEIA and OZD concentrations (mol/L) after thermal 316 

degradation experiment 317 

 318 

Under stripper conditions, the addition of PDTA doesn’t change anything when it comes to 319 

MEA loss and to thermal degradation products formation, as it can be seen from Fig. 3.5-6. 320 

On the other hand, the addition of carbohydrazide enhanced thermal degradation, and the 321 

concentration of the degradation products HEEDA and HEIA is two times higher compared 322 

to MEA and to MEA+PDTA. The concentration of MEA that was lost, and the 323 

concentrations of HEEDA and HEIA that were formed, are in good agreement with the 324 

carbamate polymerization mechanism for MEA that was suggested by Polderman et al.[29]. 325 

In addition to thermal degradation products’ quantification, the end samples of the thermal 326 

degradation experiment were analyzed for the oxidative degradation products HEI, HEF, 327 

HEPO, HeGly, and HEA (Fig. 3.7).  328 

HEPO and HEI concentrations are low for MEA+carbohydrazide solutions. HeGly and HEI 329 

are directly formed from primary degradation compounds, like aldehydes, carboxylic acids 330 

and ammonia. Primary degradation products are formed by radical reactions, which are 331 

catalyzed by iron[30]. Since iron concentration was very low in MEA+carbohydrazide 332 

solutions, as presented later in Chapter 3.3, the formation of HEGly and HEI is expected to 333 

be less than in MEA. 334 
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Under thermal degradation conditions, the formation of the formamide HEF, which is related 335 

to formate, does not seem to be influenced by the addition of inhibitors even if formate is a 336 

primary degradation compound. However, as Fig. 3.2 shows, formate formation is low in the 337 

case of MEA+PDTA under oxidative degradation conditions.  338 

 339 

 340 

Figure 3.7: Oxidative degradation products concentrations (mg/L) after thermal 341 

degradation experiment 342 

 343 

3.4 Corrosivity of inhibitors 344 

 345 

At the end of thermal degradation experiment, samples were analyzed for metal concentration 346 

as indication of corrosion by ICP-MS. ICP-MS gives essential information on the solvent 347 

corrosivity during thermal degradation experiments [31]. The results are presented in Fig 3.8. 348 

It can be seen that the addition of carbohydrazide inhibited corrosion. Even though 349 

carbohydrazide decomposed, the decomposition product of carbohydrazide, i.e. hydrazine, is 350 

known to inhibit corrosion as well. However, it has been classified by EPA as a probable 351 

human carcinogen[32]. 352 

In the case of PDTA, although a very promising degradation inhibitor, the high metal 353 

concentrations indicate a negative effect on steel surface. It would be interesting to 354 

investigate the combination effect of carbohydrazide and PDTA on degradation and corrosion, 355 

since carbohydrazide showed excellent corrosion protection properties, and PDTA 356 

remarkable degradation inhibition. However, one should keep in mind that carbohydrazide is 357 

not thermally stable above 100 oC, and this can hinder its use in chemical absorption-based 358 

CO2 capture plants with thermal regeneration of solvent.   359 
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 362 

Figure 3.8: Metal concentrations (g/L) after thermal degradation experiment 363 

 364 

 365 

4. Conclusions 366 

In this paper, the degradation and corrosion inhibition performance of the additives 367 

pyrogallol, AAPD-cresol, pyrogallol+AAPD-cresol, carbohydrazide, MEKO, tricine and 368 

PDTA was tested. From the various additives that were examined under oxidative 369 

degradation conditions, carbohydrazide has the potential to be a corrosion inhibitor in MEA-370 

based post-combustion CO2 capture. Moreover, the addition of 0.1 M of carbohydrazide 371 

could have a positive effect on MEA degradation. Furthermore, PDTA showed excellent 372 

degradation inhibition properties, but there is a concern about its effect on corrosion. Even 373 

though, no perfect inhibitor suitable for both corrosion and degradation inhibition was 374 

identified, an interesting approach could be to combine a promising corrosion inhibitor with a 375 

degradation inhibitor and investigate the possibilities to optimize the blends for degradation 376 

and corrosion inhibition.  377 

  378 

 379 

 380 

0

200

400

600

800

1000

1200

1400

1600

MEA 30wt%
+carbohydrazide

MEA 30wt% MEA 30wt%
+PDTA

m
g/

L

Solutions

Fe

Cr

Ni

Mo



Acknowledgements 381 

 382 

The work is done under the SOLVit SP4 project, performed under the strategic Norwegian 383 

research program CLIMIT. The authors acknowledge the partners in SOLVit, Aker Solutions, 384 

Gassnova, EnBW and the Research Council of Norway for their support. 385 

 386 

 387 

 388 

References 389 

 390 

 391 

1. IEA, I.E.A., Global Action to Advance Carbon Capture and Storage. A Focus on Industrial 392 
Applications. 2013. 393 

2. Stéphenne, K., Start-up of World's First Commercial Post-combustion Coal Fired CCS Project: 394 
Contribution of Shell Cansolv to SaskPower Boundary Dam ICCS Project. Energy Procedia, 395 
2014. 63: p. 6106-6110. 396 

3. Khakharia, P., et al., Online Corrosion Monitoring in a Postcombustion CO2 Capture Pilot 397 
Plant and its Relation to Solvent Degradation and Ammonia Emissions. Industrial & 398 
Engineering Chemistry Research, 2015. 54(19): p. 5336-5344. 399 

4. Artanto, Y., et al., Performance of MEA and amine-blends in the CSIRO PCC pilot plant at Loy 400 
Yang Power in Australia. Fuel, 2012. 101: p. 264-275. 401 

5. Notz, R., H.P. Mangalapally, and H. Hasse, Post combustion CO2 capture by reactive 402 
absorption: Pilot plant description and results of systematic studies with MEA. International 403 
Journal of Greenhouse Gas Control, 2012. 6: p. 84-112. 404 

6. Moser, P., et al., Material testing for future commercial post-combustion capture plants–405 
Results of the testing programme conducted at the Niederaussem pilot plant. Energy 406 
Procedia, 2011. 4: p. 1317-1322. 407 

7. Vevelstad, S.J., Oxidative Degradation of MEA. 2013. 408 
8. DuPart, M.S., T.R. Bacon, and D.J. Edwards, Understanding corrosion in alkanolamine gas 409 

treating plants: Part 1. Journal Name: Hydrocarbon Processing; (United States); Journal 410 
Volume: 72:4, 1993: p. Medium: X; Size: Pages: 75-80. 411 

9. Léonard, G., et al., Influence of Dissolved Metals and Oxidative Degradation Inhibitors on the 412 
Oxidative and Thermal Degradation of Monoethanolamine in Postcombustion CO2 Capture. 413 
Industrial & Engineering Chemistry Research, 2014. 53(47): p. 18121-18129. 414 

10. Kittel, J. and S. Gonzalez, Corrosion in CO2 Post-Combustion Capture with Alkanolamines – A 415 
Review. Oil Gas Sci. Technol. – Rev. IFP Energies nouvelles, 2014. 69(5): p. 915-929. 416 

11. Veawab, A., P. Tontiwachwuthikul, and A. Chakma, Investigation of Low-Toxic Organic 417 
Corrosion Inhibitors for CO2 Separation Process Using Aqueous MEA Solvent. Industrial & 418 
Engineering Chemistry Research, 2001. 40(22): p. 4771-4777. 419 

12. Kohl, A.L. and R.B. Nielsen, Chapter 3 - Mechanical Design and Operation of Alkanolamine 420 
Plants, in Gas Purification (Fifth Edition), A.L. Kohl and R.B. Nielsen, Editors. 1997, Gulf 421 
Professional Publishing: Houston. p. 187-277. 422 

13. Saiwan, C., et al., Part 3: Corrosion and prevention in post-combustion CO2 capture systems. 423 
Carbon Management, 2011. 2(6): p. 659-675. 424 

14. Veawab, W.T.a.A., Polarization Behavior and Performance of Inorganic Corrosion Inhibitors in 425 
Monoethanolamine Solution Containing Carbon Dioxide and Heat-Stable Salts. Corrosion: 426 
April 2005, Vol. 61, No. 4, pp. 371-380., 2005. 427 

15. Srinivasan, S., A. Veawab, and A. Aroonwilas, Low Toxic Corrosion Inhibitors for Amine-based 428 
CO2 Capture Process. Energy Procedia, 2013. 37: p. 890-895. 429 



16. Voice, A.K. and G.T. Rochelle, Inhibitors of Monoethanolamine Oxidation in CO2 Capture 430 
Processes. Industrial & Engineering Chemistry Research, 2014. 53(42): p. 16222-16228. 431 

17. Desimone, M.P., G. Gordillo, and S.N. Simison, The effect of temperature and concentration 432 
on the corrosion inhibition mechanism of an amphiphilic amido-amine in CO2 saturated 433 
solution. Corrosion Science, 2011. 53(12): p. 4033-4043. 434 

18. Elnan, J., Screening of Inhibitors for Amine Degradation. Master Thesis, NTNU, 2012. 435 
19. Rizwanul Fattah, I.M., et al., Effect of antioxidants on oxidation stability of biodiesel derived 436 

from vegetable and animal based feedstocks. Renewable and Sustainable Energy Reviews, 437 
2014. 30: p. 356-370. 438 

20. Kim, I., H.F. Svendsen, and E. Børresen, Ebulliometric Determination of Vapor−Liquid 439 
Equilibria for Pure Water, Monoethanolamine, N-Methyldiethanolamine, 3-(Methylamino)-440 
propylamine, and Their Binary and Ternary Solutions. Journal of Chemical & Engineering Data, 441 
2008. 53(11): p. 2521-2531. 442 

21. Ma’mun, S., et al., Selection of new absorbents for carbon dioxide capture. Energy 443 
Conversion and Management, 2007. 48(1): p. 251-258. 444 

22. Lepaumier, H., et al., Degradation of MMEA at absorber and stripper conditions. Chemical 445 
Engineering Science, 2011. 66(15): p. 3491-3498. 446 

23. Vevelstad, S.J., et al., Oxidative degradation of 2-ethanolamine: The effect of oxygen 447 
concentration and temperature on product formation. International Journal of Greenhouse 448 
Gas Control, 2013. 18(0): p. 88-100. 449 

24. Rooney, P.C., M.S. DuPart, and T.R. Bacon, Effect of heat stable salts on MDEA solution 450 
corrosivity. Hydrocarbon Processing, 1997. 76(4): p. 65-71. 451 

25. Fytianos, G., et al., Effect of MEA's Degradation Products on Corrosion at CO2 Capture Plants. 452 
Energy Procedia, 2014. 63(0): p. 1869-1875. 453 

26. Tanthapanichakoon, W., A. Veawab, and B. McGarvey, Electrochemical Investigation on the 454 
Effect of Heat-stable Salts on Corrosion in CO2 Capture Plants Using Aqueous Solution of 455 
MEA. Industrial & Engineering Chemistry Research, 2006. 45(8): p. 2586-2593. 456 

27. Idem, R., et al., Practical experience in post-combustion CO2 capture using reactive solvents 457 
in large pilot and demonstration plants. International Journal of Greenhouse Gas Control, 458 
2015. 40: p. 6-25. 459 

28. Fujiwara Kazutoshi, K.H., Hirano Hideo, Takahashi Kanjo, Maeda Toshihiko, and  Koike 460 
Masami. , Evaluation of thermal decomposition rate of carbohydrazide and its reducing 461 
effect on carbon steel corrosion. United States: NACE International. Corrosion/97, 1997. 462 

29. Polderman, L.D., Dillon, C.P.,  Steele, A.B, Why monoethanolamine solution breaks down in 463 
gas-treating service. Oil & Gas Journal, 54 (1955), pp. 180–183, 1955. 464 

30. Sexton, A.J. and G.T. Rochelle, Catalysts and inhibitors for oxidative degradation of 465 
monoethanolamine. International Journal of Greenhouse Gas Control, 2009. 3(6): p. 704-711. 466 

31. Grimstvedt, A., da Silva, E.F., Hoff,K.A, Thermal degradation of MEA, effect of temperature 467 
and CO2 loading. TCCS7, SINTEF Materials and Chemistry, 7465 Trondheim, 2013. 468 

32. EPA, U.S.E.P.A., Integrated Risk Information System (IRIS) on Hydrazine/Hydrazine Sulfate. 469 
National Center for Environmental Assessment, Office of Research and Development, 470 
Washington, DC. 1999., 1999. 471 

 472 


