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Abstract: 

CO2 postcombustion is a promising technique to reduce the amount of CO2 emission from fossil 

fuel power plants. Aqueous amine solutions are among the most mature approaches to remove CO2 

from fume gases, but further efforts are required to overcome obstacles like the high amount of 

energy needed to strip the amine from the CO2. A better understanding of the chemical reactions 

and the distribution of the reaction products in the crucial liquid/vapor interface region is of great 

importance for a deliberate improvement of the amine solutions. Ambient pressure X-ray 

photoelectron spectroscopy with a colliding micro liquid flat jet system was used to study 30 wt% 

aqueous monoethanolamine and diethanolamine solutions with different loading of CO2. The 

observed concentrations of the different species in the bulk of our amine solution are in excellent 



agreement with infrared spectroscopy and nuclear magnetic resonance measurements form 

literature. Additionally, there is indication that the formed carbamate amine show a slight surface 

propensity, while the pure amine show a small tendency for the bulk of the solutions for both 

amine solutions at low CO2 loadings.  

Introduction: 

Climate change is already impacting large parts of humanity and its devastating consequences are 

causing severe loses in life, well-being, and financial means.1 One of its main causes is the 

emission of the greenhouse gas CO2 into earth’s atmosphere.2 The avoidance of CO2 emissions is 

therefore of the highest priority and where not feasible, the capturing and storage or utilization of 

CO2 should be implemented.2 Fossil fuel-operated power plants, for example, can be combined 

with a CO2 postcombustion capturing (PCC) process to remove CO2 from flue gas emitted by the 

power plant.3 

One of the most mature CO2 capturing processes is based on the chemical absorption of CO2 using 

amine solvents, which offer fast absorption rates, high absorption capacities, and low material 

cost.4–6 In the process, flue gases are in a contactor exposed to an amine solution, which selectively 

reacts with the CO2. In a second step the amine will be heated, releasing the pure CO2 for storage 

or utilization, while the regenerated amine solution is used in the next CO2 absorption cycle. 

Lately, another CO2 stripping procedure, utilizing CO2 loaded aqueous amine solutions for the 

CO2 curing of cement-based materials in construction, was suggested.7 Additionally, amine are 

not limited to the PCC process, but are also used in gas purification processes like selective H2S 

absorption.8 



Monoethanolamine (MEA) is a commonly studied primary amine that is already used in pilot 

power plants for CO2 absorption.3 The major advantages of MEA over other amines include fast 

reaction kinetics and comparatively lower cost associated.9,10 Diethanolamine (DEA) is a 

secondary amine, i.e. it has two organic substituents and only one hydrogen atom bound to 

nitrogen. Although the faster reaction kinetics and lower cost make MEA an attractive option, 

DEA has several advantages, i.e. lower reaction enthalpy and lower corrosiveness of the solution.9  

For both MEA and DEA, the CO2 absorption process mainly consists of the formation of a 

carbamate amine (amine-COO-) and a protonated amine (amine-H+) and can be described with the 

overall reaction:11 

(1) 2 amine + CO2 ↔ amine-COO- + amine-H+ 

This limits the theoretical abortion capacity to 0.5 mol CO2 / mol amine, however, hydrogenation 

reactions of CO2, like the formation of bicarbonates (HCO3
-) and carbonic acid (H2CO3) and CO2, 

solved in solution can lead to higher CO2 absorption capacities.9,12 

One of the main concerns, hindering a wider commercial implementation of the PCC is the high 

energy input required for CO2 stripping, respectively for amine regeneration. More than 2/3 of the 

energy cost of CO2 capturing is related to the amine regeneration process.5,6 Additionally, the 

amine decomposition due to side reactions can be a problem.6 Various amines and their blends 

haven been investigated and additionally various catalytical approaches have been studied to 

decrease the energy penalty.5,6 However, a fundamental understanding of the involved reactions 

and their kinetics are often deficient, making current advancements dependent on a trial and error 

based approach. For a deliberate improvement of the CO2 capturing process a detailed 

understanding of the complex chemistry at the liquid-vapor interface is required, as this is the main 

region where the chemical reactions occur. Studies of the amine-water-CO2 system have been 



conducted among other techniques by nuclear magnetic resonance (NMR)9,12–14, Raman15, infrared 

spectroscopy (IR)16, or titration.17 However, these techniques cannot provide information about 

the behavior at the interface and theoretical modeling of the interface is costly, resulting in a 

relatively small number of publications focusing on the subject.18–21  

On the bulk end of the spectrum, the concentration of the formed species of the amine-water-CO2-

system can be predicted with a chemical model using experimentally observed chemical reaction 

equilibrium constants.9,15,16,22  

Therefore, the reaction equation for the formation of bicarbonate out of a carbamate amine:  

(2) 𝑎𝑚𝑖𝑛𝑒 − 𝐶𝑂𝑂− +  𝐻2𝑂 
𝐾𝐶
⇔  𝑎𝑚𝑖𝑛𝑒 + 𝐻𝐶𝑂3

− 

With the equilibrium constant KC can be used together with the nitrogen (amine) balance: 

(3) [𝑎𝑚𝑖𝑛𝑒]0 =  [𝑎𝑚𝑖𝑛𝑒] +  [𝑎𝑚𝑖𝑛𝑒 − 𝐻+] +  [𝑎𝑚𝑖𝑛𝑒 − 𝐶𝑂𝑂−], 

the carbon CO2 balance: 

(4) [𝐶𝑂2]0 =  𝛼[𝑎𝑚𝑖𝑛𝑒]0 = [𝐻𝐶𝑂3
−] +  [𝐶𝑂3

2−] + [𝐶𝑂2] +  [𝑎𝑚𝑖𝑛𝑒 − 𝐶𝑂𝑂−], 

and the charge balance: 

(5) [𝐻3𝑂+] + [𝑎𝑚𝑖𝑛𝑒 − 𝐻+] = [𝐻𝐶𝑂3
−] +  2[𝐶𝑂3

2−] + [𝑂𝐻−] + [𝑎𝑚𝑖𝑛𝑒 − 𝐶𝑂𝑂−] 

In a simplified attempt from Preez et al. the equations (4-5) can be facilitated with the following 

assumptions, showing to deliver good results for MEA.22 CO2 reacts fully, leaving no CO2 in 

solvation and there are negligible hydroxide (OH-), hydronium (H3O
+) and carbonate (CO3

2-) ion 

concentrations for α < 0.6 in equilibrium (α equals the molar CO2 concentration per mol amine) . 

This leads to: 

(6) [𝐶𝑂2]0 =  𝛼[𝑎𝑚𝑖𝑛𝑒]0 = [𝐻𝐶𝑂3
−] +  [𝑎𝑚𝑖𝑛𝑒 − 𝐶𝑂𝑂−]  



(7) [𝑎𝑚𝑖𝑛𝑒 − 𝐻+] = [𝐻𝐶𝑂3
−] + [𝑎𝑚𝑖𝑛𝑒 − 𝐶𝑂𝑂−] 

Using equation (2-3) and (6-7) together with the value of the equilibrium constant for equation (2), 

KC, and the initial concentration of the amine ([amine]0), the equation system can be solved for 

different values of α and the equilibrium concentrations of carbamate amine, protonated amine, 

free amine and bicarbonate can be determined for the bulk solution. 

An excellent technique, providing insights into the crucial interface region of a system is ambient 

pressure X-ray photoelectron spectroscopy (APXPS), where differential pumping stages are 

separating the ultra-high vacuum (UHV) conditions of the detector from the ambient pressure 

conditions (up to a few Torr) in the experimental chamber. APXPS is a very surface sensitive 

method (information depth up to a few nm) due to the short effective attenuation length of the 

excited electrons. It allows to differentiate elements and chemical species due to the chemical shift, 

making it one of the few techniques capable of providing information about the chemical 

composition at a surface or interface.23 Furthermore, the probing depth depends on the electron 

kinetic energy, enabling information depth profiling with an energy tunable photon source.23 In 

recent years the liquid-vapor interface became accessible for APXPS amongst others due to the 

usage of liquid jet systems.18,23–26 A special liquid jet setups is the colliding liquid flat jet setup, 

providing the ability to study the mixing of different solutions.24 Nevertheless, the flat surface has 

additional advantages over the more common circular jet systems, like a more suitable sample 

geometry. The average subsurface probing depth of a planar surface of a flat jet is enhanced by a 

factor of π/2 compared to the cylindrical surface of a circular jet (for a 90º incident beam compared 

to the electron detector direction), resulting in a better signal to noise ratio and enabling 

measurements of low concentrated solutions.23,26  



In this paper, our colliding micro liquid flat jet system was used in the LARaXS endstation, 

described in detail elsewhere,27 at beamline 11.0.2.1 of the Advanced Light Source (ALS),28 to 

study the liquid-vapor interface of aqueous MEA and DEA solutions at different levels of CO2 

loading with APXPS. We compared our obtained concentrations of CO2 absorption reaction 

products with results from literature for the bulk concentration16,22 and furthermore highlight the 

differences between the concentrations in the near surface and bulk region of the amine solutions, 

providing the first step to a better understanding of the chemical processes at the interface enabling 

a deliberate manufacturing of better amine-based solvents. 

Experimental Section 

MEA  wt% aqueous 

solution 

pH mmol CO2 / 

mol MEA 

DEA 30 wt% 

aqueous solution 

pH mmol CO2 / 

mol DEA 

MEA 12.40 0 DEA 11.67 0 

MEA 1st CO2 loading 11.94 13±8 DEA 1st CO2 

loading 

11.15 17±3 

MEA 2nd CO2 

loading 

11.47 35±16 DEA 2nd CO2 

loading 

10.80 38±12 

MEA 3rd CO2 loading 8.52 509±1 DEA 3rd CO2 

loading 

10.47 62±8 



  

 DEA 4th CO2 

loading 

9.88 162±2 

Tab. 1 Overview over the measured solutions and their corresponding pH value.  

Aqueous MEA (Sigma-Aldrich, ACS reagent, ≥99.0 %) and DEA (Sigma-Aldrich, ACS reagent, 

≥99.0 %) solutions with 30 wt% have been produced by mixing pure amine solutions with DI 

water. The initial pH values were 12.40 for MEA and 11.67 for DEA (12.54 and 11.53 in 

literature).12 Afterwards CO2 (Airgas, 99.9 %) at different concentrations was bubbled into the 

aqueous amine solutions in an open container at a pressure of 1 atm, while monitoring the change 

of the pH value and the mass increase, which was used to calculate the respective concentration of 

mol CO2 per mol amine, see Tab. 1. Solutions with the same pH value have been prepared twice 

and the presented values correspond to the average mass increase, while the uncertainty is half of 

the difference between the two measurements. After no further CO2 uptake was observed, the 

MEA solution had a pH value of 8.52 and a CO2 uptake of 0.51 mol / mol MEA. PH measurements 

were performed using a VWR pH 1100 H – pH meter with a VWR pHenomenal 111 pH electrode 

calibrated by three VWR International technical buffer solutions having a pH of 4.01, 7.00 and 

10.00 at 25° C. 

The APXPS measurements were performed at beamline 11.0.2.1 of the Advanced Light Source 

(ALS)27 in the LARaXS endstation using a colliding micro liquid flat jet system described 

elsewhere.27  

The used jet nozzles had an aperture diameter of 35 µm (for the aqueous 30 wt% MEA and DEA 

solution) and 30 µm (for all solutions with a CO2 loading) and the Knauer Blue Shadow 40P HPLC 

pump was operated with pressures around 65 bar and flow rates of 4 ml/min (35 µm nozzle 



apertures) and 3.2 ml/min (30 µm nozzle apertures), to form a liquid flat sheet. Together with a 

liquid nitrogen filled cooling trap, the pressure in the experimental chamber was in the low 10-4 

Torr region during all the measurements.  

Since both the N 1s and C 1s core level contain information about the amount of amine (sum of 

both peak areas in the N 1s core level and the CH2 peak in the C 1s core level), all peak areas can 

be normalized relative to the total amount of amine. Assuming that the total amount of amine in 

the measurement region is always similar to the initial amount of amine present in the prepared 

aqueous solutions, i.e. 4.9 M for MEA and 2.9 M for DEA, the concentrations of the different 

amine species have been calculated. With this approach a correction of the experimental raw data 

for the analyzer transmission function, the photon flux, the respective cross section for each core 

level and the electron attenuation length is not required.  

In the S.I. in Figure S3 we show an updated version of Figure 4, with uncertainties for the 

concentrations derived from assuming a difference in the overall amine concentration of 6% in the 

bulk and surface. It can be seen that this uncertainty is neglectable compared to the uncertainty 

derived from the fit for small concentrations like the measured carbamate and protonated amine 

concentrations at low CO2 loading. However, for higher concentrations like the free amine 

concentrations a potential difference in the overall amine concentration could have a large impact. 

A difference of 6% was chosen, as this is the largest difference in concentrations of a species 

between surface and bulk that we have measured in a solution (carbamate concentration of the 

DEA 3rd CO2 loading solution). In anyway, a potential difference in the overall amine 

concentration can have an influence on the absolute species concentration observed in the surface 

and bulk region, but the relative amount will always stay the same, i.e. there are, for example, more 



carbamate amine in the surface region with respect to the overall amine concentration compared 

to the bulk region at low CO2 loadings.  

Peak areas have been derived from core level fits with Voigt functions and a linear background 

function using the program fityk 0.9.3©.29 The binding energies of the C 1s spectra were adjusted 

so that the CH2 peaks are at the literature value of 291 eV and the binding energies of the N 1s 

spectra have been adjusted so that the NH /NH2 peaks match the literature value of 406.4 eV.18 

Information regarding the used Lorentzian and Gaussian FWHM can be found in the S.I. 

 

Results: 

30 wt% aqueous solutions of MEA and DEA have been prepared with different CO2 loadings and 

the APXPS C 1s and N 1s core levels have been measured with the colliding liquid flat jet system. 

Electron kinetic energies of 300 and 700 eV were obtained, exploiting the energy tunability of the 

synchrotron light. In Fig. 1 the measured C 1s spectra are shown for all amine solutions, showing 

the more interface sensitive 300 eV electron kinetic energy measurements at the left and the more 

bulk sensitive 700 eV measurements on the right. The electron kinetic energy of 300 eV and 700 

eV correspond to an information depth, i.e. electron effective attenuation length (EAL) of roughly 

2 and 5 nm (assuming as an estimate a pure water solution).26  

The pH value and the CO2 loading per mol amine are shown for every spectrum. The MEA pH 

value of 8.52 for the 0.51 CO2 / mol MEA saturated solution is comparable to literature results of 

8.5 and 8.4.18,19 However, lower pH values have been reported, related to higher CO2 loadings. 

Below a pH of 8.5, the hydration of CO2 and the formation of bicarbonates (HCO3
-) and or carbonic 

acid (H2CO3) becomes the main reaction responsible for the CO2 uptake.12  



All spectra have been fitted with a maximum of two Voigt functions and a linear background 

function. The main (green) peak was assigned to CH2 groups of the amine, present in the free and 

reacted amine and the peak area can always be related to the total amount of amine present in the 

investigated region of the solution. A second (blue) peak with a 2.5 eV higher binding energy, 

similar observed in literature,18 corresponds to COO- carbamate species (MEA-COO- and DEA-

COO-) formed between amine and CO2 following reaction (1). It is clearly visible that the COO- 

species rises with the increased CO2 loading for MEA and DEA.  

In contrast to previous liquid jet APXPS measurements on a CO2 saturated MEA solution with a 

pH value of 8.4, no carbamic acid (COOH) has been observed.18 Nevertheless, this is in agreement 

with NMR measurements performed on aqueous MEA and DEA solutions with different CO2 

loadings.12,14 Those measurements showed the formation of bicarbonate or carbonic acid usually 

starting at higher CO2 loadings, i.e. pH values below 8.5. Hence, a significant contribution of these 

species is not expected for our investigated amine solutions with relatively high pH values and low 

CO2 loadings. Only the 0.51 mol CO2 / mol MEA solution with a measured pH value of 8.52 might 

contain an additional bicarbonate species superposed with the MEA-COO- peak, see Figure S1 

and the related discussion in the Supportive Information (SI).  

The much higher equilibrium vapor pressure of water 2.35 kPa compared to the amine at 20° C 

(for MEA ≈ 35 Pa and for DEA < 1 Pa) leads to a much higher formation of water vapor compared 

to amine vapor (< 1 %) in the experimental chamber and explains that no gas phase amine species 

have been observed in the XPS spectra.30–33 Similar to literature results we cannot differentiate 

between the protonated and neutral amine in the C 1s spectra, however this is possible in the N 1s 

core level spectra presented in Fig. 2.18 
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Fig. 1 The C 1s core level of MEA and DEA with increasing CO2 loading measured with 300 eV 

(left) and 700 eV (right) electron kinetic energy using excitation energies of 585 and 985 eV. The 



green peak corresponds to the CH2 group and the blue peak to the carbamate COO- group. When 

necessary, inlets zoomed in on the blue peak are provided to increase the visibility. 
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Fig. 2 The N 1s core level of MEA and DEA with increasing CO2 loading measured with 300 eV 

(left) and 700 eV (right) electron kinetic energy using excitation energies of 700 and 1100 eV. The 



green peak corresponds to neutral nitrogen NH/NH2 and the blue peak to protonated amine NH2
+/ 

NH3
+. When necessary, inlets zoomed in on the blue peak are provided to increase the visibility. 

 

Here the spectra have been again fitted with a maximum of two Voigt functions and a linear 

background function. The green main peak was related to the free amine NH2-group of MEA, 

respectively the NH-group of DEA. With increasing CO2 loading an additional blue peak arises 

with an in average 2.3 eV higher binding energy (2.4 eV in literature)18 that was related to the 

protonated amine NH3
+ of MEA (MEA-H+) and NH2

+ of DEA (DEA-H+). The nitrogen group of 

the carbamate amine species cannot be differentiated from the nitrogen group of the free amine 

(NH / NH2). The sum of the blue and green peak areas can be related to the total amount of amine 

present in the measurement region of the solution. With the C 1s and N 1s spectra all reaction 

products during the CO2 absorption process, i.e. protonated and carbamate amine can be identified 

and related to the total amount of amine present in that region of the solution, avoiding a peak area 

correction for effective electron attenuation length, analyzer transmission function and the core 

level cross sections, which are not necessarily well defined/studied for liquids.26  

Obtained from the more bulk sensitive measurements, the concentration (mol/l) of the free amine 

(MEA and DEA), protonated amine (MEA-H+ and DEA-H+) and carbamate amine (MEA-COO- 

and DEA-COO-) is shown in Fig. 3 over the respective CO2 loading per mol amine for MEA on 

the left side and DEA on the right side. The shown error bars of the concentrations correspond to 

the uncertainties derived from the standard error of the fit of each spectrum provided by Fityk. 

The results are compared with IR measurements by Richner et al. from literature similarly 

conducted on aqueous amine solutions with a 30 wt% amine loading. Additionally, present in Fig. 

3 are calculated amine concentrations from a simplified vapor-liquid-equilibrium model similar to 

literature22 using the equations (2-3)-(6-7), assuming 30 wt% amine solutions and the equilibrium 



constants obtained with nuclear magnetic resonance (NMR) measurements for MEA and DEA by 

Böttinger et al. 9 

(8) ln 𝐾𝐶,𝑀𝐸𝐴 = (
−3255.31

𝑇
+ 6.6203 +

4.564 𝑇

104 ) =  
[𝐻𝐶𝑂3

−][𝑀𝐸𝐴]

[𝑀𝐸𝐴−𝐶𝑂𝑂−]
  

(9) ln 𝐾𝐶,𝐷𝐸𝐴 = (
−3173.21

𝑇
+ 14.9018 −

172.42 𝑇

104
) =  

[𝐻𝐶𝑂3
−][𝐷𝐸𝐴]

[𝐷𝐸𝐴−𝐶𝑂𝑂−]
 

with a temperature of T = 298 K. Calculations using other experimentally determined values for 

the equilibrium constants from literature, for example, for MEA at T = 298 K22 and for DEA at T 

= 298 K34 and at T = 313.15 K15 show only very small deviations compared to the presented curves 

in Fig. 3. In general, the calculations using the vapor-liquid-equilibrium model are in excellent 

agreement with our measurements and the IR results at low CO2 loadings.16 For example, the same 

splitting between protonated and carbamate amine for DEA and to a lesser extend for MEA is 

present in all results of Fig. 3.  

The biggest difference between our measurements and the literature results is the absence of 

bicarbonates HCO3
- and CO2

- solved in solution in our measurements. However, the expected 

amount of CO2
- solved in the solution is generally small and in contrast to our prepared amine 

solutions, the solutions in literature9,15,16,22 have been prepared in closed containers at higher 

pressures, which favors the creation of CO2
-.9 Nevertheless, the concentrations of the free MEA 

and carbamate MEA for the 0.51 mol CO2 / mol MEA solution show the biggest discrepancies 

with respect to the concentrations observed in literature and even an unphysical slightly negative 

value for the free MEA concentration. This supports the already mentioned theory that there is an 

additional HCO3
- species present in the C 1s spectra superposed with the MEA-COO- peak for the 

0.51 mol CO2 / mol MEA solution leading to an overestimation of the amount of carbamate MEA 

and an underestimation of the free MEA and HCO3
- species, see Figure S2 and the related 

discussion in the SI.  
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Fig. 3 The concentration (mol/l) of free amine (MEA and DEA), protonated amine (MEA-H+ and 

DEA-H+), and carbamate amine (MEA-COO- and DEA-COO-) are shown with solid squares with 

respect to the CO2 loading per mol amine for MEA on the left side and DEA on the right side. The 

results are compared with bulk sensitive IR measurements from Richner et al. (solid lines) and a 

simplified VLE model from literature based on NMR measurements of Böttinger et al. (dashed 

lines).16,22 Reproduced from [16]. Copyright [2012] American Chemical Society and 

[22]. Copyright [2018] American Chemical Society. 
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Fig. 4 The concentration (mol/l) of the free amine (MEA and DEA), protonated amine (MEA-H+ 

and DEA-H+), and carbamate amine (MEA-COO- and DEA-COO-) are shown with respect to the 

CO2 loading per mol amine for MEA on the left side and DEA on the right side. The concentrations 

have been measured with an electron kinetic energy of 300 eV (open squares), related to the more 

surface sensitive and 700 eV (solid squares), related to the more bulk sensitive measurements.  



Fig. 4 shows the differences of the concentrations of the observed amine species between the more 

surface sensitive 300 eV and the more bulk sensitive 700 eV electron kinetic energy measurements 

for MEA on the left side and DEA on the right side. Again, the shown error bars of the 

concentrations correspond to the uncertainties derived from the standard error of the fits. In 

general, the differences between the concentrations are small and the error bars are often 

overlapping. There are some slight differences visible especially for the low CO2 loadings, most 

prominent, the concentrations of carbamate MEA and carbamate DEA seems to be larger at the 

surface compared to the bulk. On the other hand, the free MEA and free DEA concentrations seems 

to be larger in the bulk at low CO2 loadings, while there is no clear trend observable for the 

protonated MEA and protonated DEA. The concentrations of the 0.51 mol CO2 / mol MEA 

solution show no preference towards the surface or the bulk.  

To the authors knowledge the only other published APXPS investigation of amine solutions 

(aqueous 4.9M MEA) was done by Lewis et al..18 This work suggests a larger concentration of 

free MEA at the surface and more protonated and carbamate MEA in the bulk, which is somewhat 

contrary to the indication in our data. However, there are several reasons that could explain this 

difference. First of all, Lewis et al. measured only one CO2 treated solution, with a pH value of 8.4 

and a CO2 loading of 0.24 mol CO2 / mol MEA, showing a large difference in CO2 loading 

compared to our and literature solutions with a similar pH value.18,19 

Our MEA solution with a close pH value of 8.52 eV is not showing significant differences between 

the concentrations and is not showing the trends we see for low CO2 loadings for MEA and DEA 

solutions. Another important difference are the used kinetic energies, of 90 and 590 eV, which are 

more surface sensitive compared to our used kinetic energies. 



If our observed differences in surface and bulk concentrations are significant and if they have a 

relevant impact on the CO2 reaction kinetics, has to be further investigated. One may speculate 

that a bulk propensity of the free amine hinders faster CO2 absorption kinetics, assuming that the 

reaction mainly occurs at the liquid-vapor interface. On the other hand, a surface propensity of the 

carbamate amine might favor the release reaction of CO2This could be important in the future, 

because, it might be possible to increase reaction kinetics by finding a solution with an enhanced 

concentration of free CO2 sorbent in the surface region, or alternatively find additives to increase 

the concentration at the surface, potentially, a good addition or alternative to an increased liquid-

gas interphase area in the contactor.35 

However, the overserved differences in the concentrations are small and the impact on the reaction 

kinetics, if any, so far, is unclear and beyond the scope of this work. A conclusive APXPS depth 

profile exploiting smaller electron kinetic energy steps could reveal additional details of the 

aqueous amine systems and may allow for a better differentiation between the bicarbonate and 

carbamate amine contributions to the investigated solutions. 

Conclusions: 

We have conducted for the first time APXPS measurements on 30 wt% aqueous MEA and DEA 

solutions with different CO2 loadings using a colliding micro flat jet system. Exploiting electron 

kinetic energies of 300 and 700 eV, we have studied the differences in the concentration of the 

formed species close to the liquid-vapor interface and deeper in the bulk of the solution. Our results 

indicate a bulk propensity for the free amine and a surface propensity for the carbamate amine at 

low CO2 loadings for both amine solutions, while the protonated amine concentration is roughly 

the same between the more surface and more bulk sensitive measurements. The observed 

concentrations of the bulk sensitive measurements show an excellent agreement with literature 



results.9,16 In contrast to previous APXPS measurements of a CO2 saturated aqueous MEA solution 

we have not observed a formation of carbamic acid.18 Our results demonstrate the power of liquid 

flat jet systems and emphasis the crucial role of the liquid-vapor interface in the CO2 absorbance 

of aqueous MEA and DEA solutions, paving the way to a deliberate development or improvement 

of CO2 sorbents in the future. 

 

Supporting Information: 

The Supporting Information is available free of charge at [], including Figures and a discussion 

regarding a potential HCO3
- contribution in the 0.51 mol CO2 / mol MEA solution overlapping in 

the C 1s spectrum with the COO- contribution. Additionally, details regarding the N 1s and C 1s 

fits are provided and the impact of a potential difference in the overall amine concentration is 

discussed. 
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