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Abstract
The results of a multi-year NMR research in the field of physical and organic chemistry related to the problems 

of amine scrubbing are compiled. The revisited analysis of 2-aminoethanol degradation products has finally led to an 
adequate NMR signal assignment. This made it possible to suggest refined mechanisms of degradation reactions that 
lead to formation of compounds which are in particular responsible for corrosion of equipment and absorbent foaming.

Amine scrubbing has been an established technology over the past several decades for removal of acid gases 
(H2S, CO2, SO2, COS, CS2, NOx) from gaseous streams in the chemical and oil industries In recent time, the importance 
of studies in this field is justified by the global greenhouse gases reduction issue and potential use of 2-aminoethanol 
for binding CO2 here are two sets of problems relating to physical and organic chemistry of amine scrubbing. One of 
them concerns structural analysis of the salts formed by reaction of heterocumulenes CO2, COS, CS2 with amines. 
Another one is identification of degradation products of 2-aminoethanol, which is the most popular reagent for amine 
scrubbing. Carbamate and thiocarbamate salts obtained by the reaction of CO2, COS, CS2 with amines are used in 
important technologies of production of fertilizers, pesticides and regulators for tire industry.
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Introduction
In earlier research, formation and acid catalyzed decomposition 

of the salts formed as the result of reaction of СO2, COS, CS2, CSe2 
with amines was studied by kinetic methods [1-5]. Zwitter ionic 
structure of dithio carbamic acids was first suggested by Ref. [6-11]. 
Chakravarty [12] modified the suggested structure in the following 
way. It was shown that stability of the salts obtained in the reaction 
of heterocumulenes with amines increased in the raw СO2, COS, CS2, 
CSe2. The fact was explained by a rise of the bond polarizability in the 
sequence С-О, С-S, C-Se and as a result by the increase of urethane 
bond energy because of more effective charge delocalization Schemes 
1-3 which is a kind of well-known amide conjugation. The conjugation 
is the cause of a hindered rotation around amide and urethane bonds. 
Determination of the value of the hindered rotation barrier (mainly 
kinetic parameter ΔG≠ in Eiring-Polanyi equation) is a classic example 
of dynamic NMR application. The following mechanism (Scheme 4) 
of acid catalyzed decomposition of carbamate and thiocarbamate salts 

was published in 1980 as follows [13]. As a rule, specific acid catalysis 
is observed for the most of salts. It means that the limiting stage of 
the reaction is formation and decay of dipolar intermediate. Only 
in case of carbamates of low basic amines such as 2-aminoethanol a 
general acid catalysis takes plaсe. The fact agrees with the observed 
loss of absorption capacity as the result of 2-aminoethanol oxidative 
degradation to carboxylic acids during the scrubbing, pH of absorbent 
being not substantially reduced. Solutions (in CHCl3) of the solid 
salts obtained by reactions of CO2, COS, CS2 with secondary amines 
in petroleum ether were investigated with 1Н, 13С NMR [14]. It was 
shown that equilibrium pictured on Scheme 4 for carbamates is 
strongly displaced to the left in organic solvents. Separate signals of 
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∆G≠ 77 ± 4 кJ/mole, X=O 

 69 ± 3.5 кJ/mole, X=S

At the same time the cyclic structure appears to be unrealizable in 
case of analogues dithiocarbamate despite the fact that it was first 
proposed exactly for dithiocarbamic acid (Scheme 2). This fact was 
explained in [18] by antiaromaticity of cyclic dithio carbamate anion 
because of a strong amide conjugation (Scheme 7). As for more 
common problems of amine scrubbing, the above mentioned 
decomposition of 2-aminoethanol in the course of gas purification is 
responsible for absorbent consumption, reduction of the capacity, and 
foaming, as well as for accelerated corrosion of the equipment. Since the 
beginning of the Millennium we have been analyzing NMR spectra of 
the samples of 2-aminoethanol taken at the scrubbers of oil refinery and 
at a plant of the production of CO2 in order to identify the products of 
absorbent degradation and determine its influence on scrubbing 
efficiency. In 2003 the main product of oxidative degradation of 
2-amioethanol at refineries 4-(2-hydroxyethyl) piperazin-2-on was 
identified by Strazisar [19] and consequently an adequate assignment of 
signals in NMR spectra became possible. The earlier suggested 
interpretation of the results of the above mentioned research on 
identifications and the mechanisms of the degradation underwent a lot 
of further revisions and corrections [20-23] and the final version of 
them was published in 2016 Salts of carbamic and thiocarbamic acids 
HOCH2СH2NHCO2

- H3N
+CH2CH2OH (1), HOCH2CH2NHCOS- 

H3N
+CH2CH2OH (2) HOCH2CH2NHCSS- H3N

+CH2CH2OH (3) are 
formed as the result of interaction of 2-aminoethanol with 
heterocumulenes СО2, СOSH CS2. In the article a composition of 
degradation products of 2-aminoethanol during absorption of CO2 was 
determined, and it was shown that the formation of 1,3-oxazolidine -2-
one (4) does not occur in operating conditions of industrial plant. 
Compound (4) is still considered to be the first one on the main route 
(Scheme 8) of so-called thermal degradation of absorbent. C13 NMR 
signals of the compound (4) and common products of its transformation 

cations and anions of carbamates in 1Н, 13С NMR spectra can only be 
detected under cooling which enables estimation of kinetic parameter 
Gibbs energy of activation (∆G≠) for reversible reaction [R1R2NCOO-] 
[H2NR1R2]=CO2+2 HNR1R2 (Table 1). In water solutions separate 
NMR signals of cations and anions of carbamates were detected at 
room temperature. The reality was used for a study of thiocarbamate 
hydrolysis with NMR [15]. Glazirin [15] suggested a rather complex 
mechanism and made subsequent detail kinetic study [16] the main 
result (Scheme 5) of the hydrolysis had been known, though. At the 
temperature increase the displacement of equilibrium at the Scheme 
4 is reflected in a shift of NMR signals of alkyl ammonium cations 
to the frequencies which are characteristic of free amines. As the 
result, thermodynamic parameter enthalpy (Н) of the following 
decomposition of thiocarbamates was measured [R1R2NCOS-] 
[H2N

+R1R2]=COS+2 HNR1R2 (Table 2). With the help of the method 
of dynamic NMR it also became possible to measure the value of the 
hindered rotation barrier (∆G≠) in asymmetric thiocarbamate anions 
(Table 3). The authors of the paper considered possible to interpret the 
difference of values ∆G≠, ∆H in Tables 1-3 in terms of subtle electronic 
(hyper conjugation) and steric effects of N-alkyl substitutes. Recently 
[17,18] it has been shown that carbamate and thiocarbamate anions 
formed as the result of reaction of CO2 and COS with 2-aminoethanol 
in water solutions have a specific cyclic structure (Scheme 6). The 
obtained high value of the hindered nitrogen pyramidal inversion 
barrier (∆G≠) is consistent with suggested three center two electron 
character of the hydrogen bond.

R1 R2 ∆G ≠ kJ/mole
Ме Me 55.7 ± 1.1
Et Et 57.1 ± 1.1

(CH2CH2)2O 56.2 ± 1.1
(CH2)5 56.7 ± 1.1
(CH2)6 59.2 ± 1.2

 [H2N
+R1R2]=CO2+2 HNR1R2

Table 1: Gibbs energy of activation (∆G≠) for reversible reaction [R1R2NCOO-].

R1 R2 ∆Н kJ/mole
Et Et 101 ± 5
Pr Pr 189 ± 9
Et cyclo-C6H11 80 ± 4

(CH2)5 113 ± 5.5
(СН2СН2)2О 113 ± 5.5

(CH2)6 197 ± 10

Table 2: Enthalpy (∆H) of the reaction [R1R2NCOS-][H2N
+R1R2]=COS+2 HNR1R2.

R1 R2 ∆G≠ kJ/mole
Me Me 54.8 ± 1
Et Et 57.4 ± 1.1
Pr Pr 59.1 ± 1.2
Et cyclo-C6H11 61.4 ± 1.2

C5H10 56.6 ± 1.1
C6H12 64.0 ± 1.3

Table 3: Gibbs energy of activation (∆G≠) for hindered rotation in thio carbamates 
[R1R2NCOS-][H2N

+R1R2].
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1-(2-hydroxyethyl) imidazolidin-2-one (5), 2-[(2-aminoethyl) amino 
ethanol (6) had never been detected over years of the plant operating. 
The below pictured mechanism (Scheme 9) of the compounds (5) and 
(6) formation was suggested in 1955 [24]. Currently another scheme is 
considered to be preferable in which imidazolidin (5) is obtained from 
diamine (6) and is the final product of the degradation [25]. Both of 
these mechanisms, in our opinion, have no relation to reality in the 
absence of impurities COS, CS2 in gaseous stream. An obtaining of 
oxazolidine (4) from carbamate (1) in relatively mild operating 
conditions of industrial scrubbers seems unlikely take into account the 
high pressure applied in a course of analogues reaction during urea 
production from ammonia and CO2. Some published data agree with 
this statement [26]. Nevertheless, the compounds (4) – (6) are still 
considered as the main products of 2-aminoethanol thermal 
degradation upon absorption of CO2. The reason for this controversy is 
probably due to the fact that chromatography with mass spectrometry 
detection: GC-MS, HPLC-MS are mainly used for identification of the 
compounds (4) (6). Thus, probably, labile salt (1) decays in a course of 
analysis and products of the decay are taken for degradation products 
of 2-aminoethanol Furthermore, the compounds (5) and (11) are 
difficult to distinguish by mass spectra. In the article 2-aminoethanol 
dissociation into ammonia and ethylene oxide (Schemes 9 and 10) is 
suggested as the only thermal degradation pathway which leads to 
ethylene glycol (7) and 2,2 ‘ -iminodiethanol (8). Major products of the 
2-aminoethanol oxidative degradation in the plant for producing 
carbon dioxide have been also identified. Taking into account additional 
GC-MS data, other heterocyclic degradation products, such as 
2-piperazin-1-ylethanol (11), 1,4-bis(2-hydroxyethyl)piperazine-2,5-
dione (12) were determined with NMR in addition to previously known 
formic acid, acetic acid, glycolic acid, oxalic acid, 2-hydroxypropanoic 
acid, 2-aminopropanoic acid and more specific (2-hydroxyethyl)glycine 
(9), 4-(2-hydroxyethyl)piperazin-2-on (10). Only listed carboxylic 

acids were detected by NMR. Resultant (2-hydroxyethyl) amides were 
determined in the same absorbents by GC-MS The compounds (9), 
(10) are considered to be the main specific products of the 
2-aminoethanol oxidative degradation The shortest route of amino acid 
(9) formation is the reaction of 2-aminoethanol with glyoxal (a kind of 
Cannizzaro reaction (Scheme 11) published earlier, although a different 
mechanism has recently been proposed Reactive glyoxal is likely 
formed from glycolic acid, which prevails in the mixture of carboxylic 
degradation products described by the reverse Cannizzaro reaction and 
reacts with 2-aminoethanol to give amino acid (9) Formation of the 
compound (12) is explained in by the next reaction (Scheme 12). It was 
proposed that the following amidation and dehydration (Scheme 13) 
were involved in the compound (10) formation The redox reaction 
catalyzed by Fe2+,3+ ions was the first suggested The reactions at the 
Scheme 13 cannot explain the formation of piperazine (11) which 
content is essentially higher than that of piperazinone (10) in absorbents 
taken in the plant for CO2 production. We also do not see a driving 
force of dehydration (Scheme 13) leading to the substance (10) in the 
absence of acid catalysis. In our opinion, the following Fe2+,3+ catalyzed 
hydration of amide (13) (Scheme 14) can yield diamine (14). This 
reaction, hydro ammonolysis, is applied in industry for production of 
amines from carboxylic acids Intermediates (13)(14) give piperazines 
(10), (11) as the result of another hydro ammonolysis (Scheme 15) 
which is applied in industry for production of amines from spirits. It 
has recently been proposed that the compound (10) may yield bicine 
(N,N-bis(2-hydroxyethyl)glycine) (15) as the result of the following 
transformations Scheme 16. Bicine is considered to be the most 
dangerous component of the adsorbent from the point of view of 
corrosion of equipment. We have failed to detect bicine with NMR but 
it has been detected with GS-MS in the sample of the absorbent which 
caused emergency corrosion in a plant for CO2 production. 
Pyperazinone (10) was the main product of 2-aminoethanol oxidative 
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degradation at scrubbers at a local oil refinery with the exceptions of 
scrubbers operating at hydrotreating plants. The compound (9) was 
also found in some samples of absorbent. But signals of the compounds 
(11), (12) which prevail in the series of the compounds (9) -(12) at the 
plant for CO2 production were never found at the oil refinery. The fact 
is likely connected with the presence of H2S and SO2 in refinery gaseous 
streams. Oxalic acid and in some samples also acetic acid and N-(2-
hydroxyethyl) acetamide were found with NMR in absorbent at refinery 
scrubbers with the exceptions of hydrotreating plants. The main 
problem of amine scrubbing at the refinery we have been facing is an 
absorbent foaming which is traditionally attributed to the oil-products 
fouling. This common explanation is quite unconvincing. We have been 
trying to identify a surfactant formed during 2-aminoethanol 
degradation. It took us many years and required four interations. At 
present, two detected 13C NMR signals (60.45 and 41.40 ppm), which 
were earlier attributed to the salt (2) then to (2-hydroxyethyl) amides of 
oxalic and acetic acids, are assigned to the compound (16) given below 
(Scheme 17) which is formed as the result of well known- in a case of 
CS2 (Scheme 1). The compound (16) is a very good candidate for the 
role of a surfactant wanted. Its molecule obviously contains hydrophobic 
(S-S-) and hydrophilic (NHCH2CH2OH) parts. Very good 
correspondence between simulated and real spectra of disulfide (16) 
cannot serve as a reliable argument to the rightness of its identification 
bearing in mind the number of previous wrong versions. But there are 
other arguments that are much more reliable. Signals attributed to the 
compound (16) were never detected in case of gaseous streams which 
obviously did not contain COS. The signals in question appear 
immediately in 13C NMR spectra at room temperature after saturation 
of absorbent with COS. A relative intensity of signals is higher in the 
samples of heavily foaming absorbents. The 2-aminoethanol oxidative 
degradation products were not detected at scrubbers of hydrotreating 
plants which deal mainly with H2S in gaseous streams. The reason can 
be strong reductive properties of H2S. It was shown earlier that 
oxazolidine (4) was easily obtained at saturation of 2-aminoethanol 
solution with COS. In case of the solution heating or long exposure, the 
compound (4) yields N,N’-bis(2-hydroxyethyl)thiourea (17). Urea (17) 
is usually the main product of 2-aminoethanol thermal degradation at 
refinery scrubbers with the exception of hydrotreating plants. C13 NMR 
signals of the compounds (2), (4) were never observed in spectra of 
refinery absorbents. The compound (4) is unstable in industrial 
conditions but can take its time for its transformation into urea (17). In 
some cases urea turns into the compounds (5), (6) completely. The 
below mechanism Scheme 18 was proposed in 1975 to explain the 
compounds (4) -(6), (17) obtaining in case of CO2 absorption [27]. The 
suggested mechanism still seems to be the most adequate but with the 
essential elaborations. A source of the compounds (4) is thiocarbamate 
(2) or dithiocarbamate (3) (see below) but not carbamate (1). 
Transformation of urea (17) into compound (5) (Scheme 18, reaction 3) 
seems unlikely to be simple dehydration. We consider this cyclization is 
also catalytic hydro ammonolysis. That can be the reason why we have 
failed in reproducible obtaining of the compound (5) by heating the 
solutions of urea (17) in the laboratory It has been noted in the article 
that probability of urea (17) transformation into compounds (5), (6) 
increases alongside with the rise of the concentration of the substance 
which is currently attributed to the disulfide structure (16). The 
oxidative dehydration, which is necessary for the reaction 3 and 
reaction 1 (Scheme 17) to occur, is likely catalyzed by the same iron 
complexes. The compounds (4)-(6), (17) were completely absent in 
absorbents of hydrotreating scrubbers. The main reason is likely to be 
an absence of COS and CS2 in gaseous streams. Shown in autocatalytic 
nature of thiocarbamate (2) hydrolysis with respect to H2S can be 
another reason. Only weak 13C NMR signals of amine (8) and salt (1) 

were detected in spectra of 2-aminoethanol solutions at hydrotreating 
plant scrubbers. Refinery gaseous streams contain CS2 which yields the 
salt (3) when it reacts with 2-aminoethanol. In earlier publications. we 
have made several rough mistakes in the attempts to identify the salt (3) 
and the products of its transformations in refinery absorbents. Only 
recently 13C NMR signals of the salt (3) and amine (8) have clearly been 
distinguished. It turns out that dithiocarbamate (3) and the products of 
its transformation which are thio analogues of the compounds (4), (5), 
(17) (Scheme 18) cannot be detected with NMR in refinery absorbents. 
Thio analogues of interest have been detected only by GS-MS in the 
same absorbents. It cannot be excluded that some of them are formed as 
a result of salt (3) decay in a process of analysis. A reliable fact is 
hydrolysis of the salt (3) to the salt (2) then successively and similarly to 
the salt (1) Scheme 5 with parallel formation of compound (4) at 
scrubbing conditions. An adequate composition of the main products 
of 2-aminoethanol degradation in the process of industrial scrubbing 
has been elucidated relatively recently. The mechanisms of the main and 
side reactions that determine chemistry of this important technology 
have been refined step by step. However, optimal technological 
regulations and measures to reduce harmful effects of absorbent 
degradation have been developed as a result of many decades of the 
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amine scrubbing industrial application. Various methods of absorbent 
purification as well as corrosion inhibitors and anti-foaming agents 
have been implemented. In some cases, if chemistry and economics 
made it possible, 2-aminoethanol has been replaced for secondary and 
tertiary ethanolamines, that are more resistant to decomposition, or for 
other more expensive amines. And yet the new information obtained 
recently about the structure and composition of the main and minor 
compounds formed in the process of amine scrubbing can be useful 
taking into account that the process has no alternative at usually found 
concentrations of acidic admixtures in technological gases.
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