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A B S T R A C T   

The global deployment of aqueous amine absorbents for carbon dioxide (CO2) capture is hindered by their high 
energy consumption. A potential solution to this challenge lies in the utilization of non-aqueous amine systems, 
which offer energy-efficient alternatives. However, they are prone to form precipitation during CO2 absorption 
process, which limits their application. Combining experimental and theoretical studies, we found that the 
electrostatic potential of carbamate, instead of van der Waals force, is a major factor controlling the precipita-
tion, and hydrogen bonds can effectively reduce the electrostatic potential of carbamate and prevent precipi-
tation. Single solvent screening experiments have also demonstrated that the absorption rate is closely related to 
the viscosity of the organic solvent and the affinity of the functional group for CO2. The polar solvents (Dime-
thylformamide (DMF), Dimethyl sulfoxide (DMSO), and N-Methylformamide (NMF)) exhibit higher absorption 
rates, but suffer from issues of precipitation. Hydroxyl group riched solvents (Ethylene glycol (EG) and Glycerol) 
exhibit lower absorption rate, but they don’t have the issue of precipitation. Based on these findings, several 
novel 2-Amino-2-methyl-1-propanol (AMP)-based non-aqueous absorbents have been developed aiming at 
reducing the energy penalty, and improving CO2 absorption and desorption performance. Among these absor-
bents, AMP-EG-DMF (4–3) exhibits maximum CO2 absorption rate and absorption capacity of 9.91 g-CO2/(kg- 
soln.⋅min.) and 122 g-CO2/(kg-soln.), respectively, which are 64.1% and 28.4% higher than those of 30 wt% 
AMP aqueous solution, respectively. Additionally, compared to 30 wt% MEA, the energy consumption of AMP- 
EG-DMF (4–3) shows 46.30% reduction. The addition of EG effectively improves the electrostatic solubility of 
AMP-carbamate by increasing the number and strength of hydrogen bonds, thus avoiding the generation of 
precipitation. The final product species and reaction mechanism were analysed by using 13C and 1H NMR, In-situ 
ATR-FTIR, and quantum chemical calculation. The combination of theoretical and experimental results indicates 
that bi-solvent AMP-based absorbents can serve as a promising alternative for low-energy CO2 capture.   

1. Introduction 

Climate change caused by greenhouse gas emissions is one of the 
major issues in modern society. As a typical greenhouse gas, CO2 con-
centration in the atmosphere has grown by 46% from 280 ppm in the 
preindustrial era to over 410 ppm in 2020, which is responsible for 80% 
of all greenhouse gas release. Carbon capture, utilisation and storage 

(CCUS) have been regarded as a promising technique to reduce green-
house gas emissions [1,2], and CO2 capture is the core technology of 
CCUS and accounts for over 70% of the total operating costs [3]. 
Considering its low price and fast reaction rate with CO2, 30 wt% 
aqueous MEA has been adopted as the benchmark for CO2 capture in 
commercialisation [4]. However, the shortcomings of this method are 
the high corrosion and degradation rate, and high energy consumption 
for solvent regeneration, which is mainly due to the use of water as 

Abbreviations: AMP, 2-Amino-2-methyl-1-propanol; MEA, Monoethanolamine; DMF, Dimethylformamide; NMF, N-Methylformamide; DMSO, Dimethyl sulfoxide; 
EG, Ethylene glycol; NMR, Nuclear magnetic resonance; ATR, Attenuated total reflection; ESP, Electrostatic potential; DEGMEE, 2-(2-Ethoxyethoxy)ethanol; DFT, 
Density functional theory; DSC, Differential Scanning Calorimetry; TGA, Thermogravimetric Analyzer; FT-IR, Fourier-transform infrared spectroscopy. 
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solvent [5]. 
Developing new absorbents by replacing water with organic solvents 

has attracted significant academic and industrial attention. Organic 
solvents, including alcohols [6–8], glycols [9–13], glycol ethers 
[14–17], glymes [18], pyrrolidones [19,20], formamides [21,22], and 
sulfoxides [23–25] have proven to be a promising solution for reducing 
regeneration energy. These are due to their lower specific heat capacity, 
lower heat of vaporization, and higher boiling points compared to water 
[26]. However, using a single organic solvent can result in unexpected 
problems. High-volatility alcohols, such as methanol and ethanol, can 
lead to significant solvent loss when processing large-scale flue gases, 
resulting in both economic loss and environmental pollution. Glycols 
like EG, DEG, and TEG have non-linear increases in viscosity during the 
CO2 absorption process, leading to lower absorption rates. Polar or-
ganics such as formamides, pyrrolidones and sulfoxides could effectively 
enhance CO2 absorption rate, but they are prone to form precipitate 
during the absorption process, which causes clogging in the pipelines 
and absorption efficiency reduced. 

In short, single organic solvent is hard to meet the all the re-
quirements of non-aqueous amine absorbents. The combination of 
different solvents could be able to solve this problem effectively. 
Therefore, a bi-solvent system with a buffered solvent has been intro-
duced to solve these problems, but few studies has been reported in 
literature. Barbarossa et al. [27] studied the non-aqueous systems 
formed by 2-amino-2-methyl-1-propanol (AMP) dissolved in alcohol 
mixtures (ethylene glycol (EG) and ethanol or 1-propanol) with a vol-
ume ratio of 1:1. The addition of ethanol or 1-propanol as buffer solvents 
could effectively reduce the viscosity of the absorbents. Their results 
showed that these two absorbents had high loading capacities around 
0.9 mol (CO2)/mole (Amine) and could be regenerated under 80–90 ◦C. 
Wagaarachchige et al. [28] proposed a low-viscosity non-aqueous bi-
nary solvents blend for reversible CO2 capture. In their study, non- 
aqueous diisopropylamine (DPA) solutions were prepared by mixing 
30 wt% DPA, 35 wt% methanol, and 35 wt% sulfolane. Methanol was 
selected as a buffer solvent due to its low boiling point, low viscosity, 
and low corrosivity, providing a high CO2-rich loading up to 0.88 mol 
CO2/mole amine and a high CO2 cyclic capacity of 0.48 mol (CO2)/mole 
amine. Overall, in previous research, the buffer solvents were limited to 
volatile low-carbon alcohols which resulted in additional cost due to 
solvent evaporation, and the effect of the mass or volume ratio of the two 
solvents on the absorption performance has not been optimized. 

The CO2 absorbent developed in this work consists of AMP and two 
other non-aqueous solvents. AMP is chosen as the basic component due 
to its lower reaction heat required for CO2 regeneration, excellent 
thermal and oxidative stability, and lower corrosion rates on steel 
equipment compared to MEA, despite its relatively slow absorption ki-
netics in both aqueous and non-aqueous solutions. CO2 is known to react 
with AMP to form insoluble precipitates in most non-aqueous solvents. 
This limits its application in CO2 capture [25,29]. If precipitation 
problem of AMP absorbents can be solved, they might become an 

excellent recipe of CO2 adsorbents with high capture efficiency and low 
energy consumption. Furthermore, the capital cost of absorption column 
for the use of AMP absorbents can be reduced due to avoid of the pre-
cipitate separation. In this study, we firstly combined experimental and 
theoretical studies to understand the precipitation mechanism of AMP 
carbamate through molecular dynamics simulations and DFT calcula-
tions. The results indicate that electrostatic interaction between AMP 
carbamate and solvents is a major factor controlling the precipitation. 
Based on this theory, organic solvents which can form hydrogen bonds 
with AMP carbamate will be investigated to reduce the electrostatic 
interaction to mitigate the precipitation. In the meanwhile, solvents 
must have high boiling points and low vapor pressures, such as alcohols, 
glycols, glycol ethers, glycerol, formamides, and sulfoxides. CO2 ab-
sorption performance of these single-solvent AMP absorbents is firstly 
tested, and the promising solvents are selected for the formation of bi- 
solvent absorbents. The mass ratios of the binary solvents are opti-
mized to enhance their synergism with AMP to improve the absorption 
capacity and reduce the energy consumption. The CO2 absorption rate 
and capacity, desorption rate and efficiency, cyclic stability, and energy 
consumption of the absorbents are thoroughly investigated and 
compared with MEA-H2O. Finally, various analytical techniques, such as 
13C nuclear magnetic resonance (13C NMR) analysis, Fourier-transform 
infrared spectroscopy (FT-IR) analysis, and quantum chemical calcula-
tion (Gaussian09), are utilised to elucidate the CO2 absorption mecha-
nism into the non-aqueous bi-solvent and AMP absorbents. The results 
indicate that the non-aqueous bi-solvent AMP absorbent can maintain as 
liquid phase during the CO2 absorption and exhibit a high absorption 
rate, high absorption capacity, and sufficient regeneration efficiency 
below 90 ◦C. Overall, this study provides a novel bi-solvent strategy to 
address the precipitation issue in CO2 absorption processes, particularly 
for non-aqueous amine absorbents, such as AMP-based absorbents. The 
detailed investigation and analysis of the CO2 absorption mechanism 
provide a comprehensive understanding of the bi-solvent approach’s 
efficacy and may aid in developing more efficient and effective CO2 
capture technologies. 

2. Materials and experimental sections 

2.1. Materials 

2-Amino-2-methyl-1-propanol (AMP, 99%), Monoethanolamine 
(MEA, 99%), Diethylene glycol monoethyl ether (DEGMEE, 98+%), N- 
Methylformamide (NMF, 99%), and N, N-Dimethylformamide (DMF, 
99%) were provided by ACROS organics. 1-Butanol (1-BuOH, ≥99.4%), 
Ethylene glycol (EG, ≥99.0%), and Dimethyl sulfoxide (DMSO, ≥99.0%) 
were provided by Sigma-Aldrich. Glycerol (99+%) was provided by Alfa 
Aesar. All the reagents were used without further purification. Absor-
bents were prepared by gravimetric method, using a Sartorius ED224S 
balance with an accuracy of ± 1 × 10− 4 g and an uncertainty of less than 
0.1 wt%. 1.5 g of AMP was dissolved in 3.5 g single or bi-solvent system. 

Nomenclature 

rabs Absorption rate of CO2 (g-CO2/(kg-soln. ⋅min.)), 
rdes Desorption rate of CO2 (g-CO2/(kg-soln. ⋅min.)), 
aabs Absorption amount of CO2 (g-CO2/kg-soln.). 
αdes Desorption amount of CO2 (g-CO2/kg-soln.). 
Q Regeneration energy (KJ)
Qs Sensible heat (KJ)
Qr Reaction heat of desorption (KJ) 
Qv Latent heat of vaporization (KJ)
EC Ratio of energy/released CO2 (KJ/mol), 
Cp Specific heat capacity (kJ/kg− 1 • K− 1), 

ΔT Temperature difference between the top and bottom of the 
stripper (K) 

ΔH Reaction heat (KJ/mol)
nw Molar ratio of water 
nCO2 Molar ratio of CO2 
CA Absorbent concentration (mole/L) 
k Reaction rate coefficient (min− 1) 
k0 Pre-exponential factor (min− 1) 
Ea Activation energy (J/mol)
R Ideal gas constant (8.314 J/mole/K) 
T Temperature (℃) 
η Desorption efficiency (%)  
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Gases used for absorption and desorption experiments (CO2 and N2) 
were purchased from Linde Group UK with a minimum purity of 
99.99%. A mixture of 20% CO2 and 80 % N2 was used to mimic the flue 
gas. 

2.2. Absorption and desorption setup 

The batch experiments of CO2 absorption (25 ◦C)-desorption 
(50–90 ◦C) were performed at near atmospheric pressure in a lab-scale 
apparatus as described in our previous work, hence only a brief intro-
duction will be given here [30,31]. Fig. S1 illustrates the CO2 capture 
setup, comprising a cylindrical quartz reactor (14 mm inner diameter, 
1.5 mm wall thickness) and the measurement of CO2 concentration and 
flowrate. The absorbent was prepared and placed inside the quartz 
reactor. Simulated flue gas was introduced at the bottom of the solution 
through a small quartz tube, with a total flow rate of 200 ml/min 
regulated by two calibrated mass flow controllers (Brooks Instruments 
GF-Series, N2 range: 0–400 ml/min, CO2 range: 0–100 ml/min). A non- 
dispersive infrared CO2 sensor (COZIR-W-100, CO2 calibration range: 
0–70% v/v), and finally a mass flow meter (Brooks Instruments 
SLA5860, range: 0–500 ml/min). The self-programmed Labview data 
collection software was utilised to record the monitored variables 
(temperature, flow rate, humidity and CO2 concentration) every second 
from the beginning of the absorption experiment. All gas lines were 
swept with N2 before and between experiments. The absorption exper-
iments were conducted under standard atmospheric pressure and room 
temperature conditions. 

The CO2-loaded AMP-based absorbents were regenerated after the 
absorption step using microwave irradiation in the same quartz reactor 
as the absorption experiments. The setup for desorption is depicted in 
Fig. S2. A magnetron operating at 2.45 GHz, controlled by an Alter 
SM445 power supply with a maximum output power of 1.2 kW, 
generated the microwave. The forward and reflected microwave power 
flow were measured using a dual-directional coupler (GAE Inc., 
GA310x). The temperature of the solution was continuously monitored 
at the centre of the liquid bulk using a fibre optic sensor probe (Opsens 
OTG-MPK8). The microwave source was initially set to 0.1 kW power to 
raise the solution’s temperature from ambient to the desired regenera-
tion temperature. The power was then manually adjusted to maintain a 
constant temperature throughout the process. 

2.3. Experimental procedures 

The experimental work is divided into three distinct parts. The first 
part was designed to develop a recipe of organic solvents and AMP 
mixture to avoid the precipitation of CO2 reaction product through 
reducing the electrostatic potential. In the second part, DMF, DMSO, and 
NMF were selected to mix with EG to form bi-solvent system to improve 
CO2 absorption performance and reduce the regeneration energy. The 
solutions were regenerated at a temperature ranging from 50 to 90 ◦C. 
The cyclic stability of the best solutions was then investigated to simu-
late the industrial CO2 capture process. In the third part, the reaction 
mechanism, thermal stability, energy consumption calculation, and 
characterization were studied. The physical properties of these chem-
icals are summarized and presented in Table S1. 

2.4. Calculation and analysis methods 

2.4.1. Molecular dynamics simulation 
For simulating a real reaction condition and understanding the pre-

cipitation mechanism of AMP–CO2 products in non-aqueous solvents, 
amorphous cells were constructed with AMP products with different 
solvents in Material Studio 2020. The van der Waals solubility, elec-
trostatic solubility and hydrogen bonding strength were elucidated [22]. 
The calculation details are concluded at supporting information part 3. 

2.4.2. Absorption and desorption calculation 
The absorption and desorption rate and capacity were calculated by 

Eqs. (1)–(4). Where rabs and rdes is reaction rate of absorption and 
desorption (g-CO2/(kg-soln. ⋅min.)), aabs and αdes is the CO2 absorption 
and desorption capacity (g-CO2/kg-soln.). 

rabs =
(yinCO2

− youtCO2
)MCO2

Mair
*

273
273 + Tabs

*
Pabs

101.25
(1)  

rdes =
(youtCO2

)MCO2

Mair
*

273
273 + Tabs

*
Pdes

101.25
(2)  

αabs =

∫ t

0
rabsdt (3)  

αdes =

∫ t

0
rdesdt (4)  

2.4.3. Estimation of CO2 desorption energy 
The CO2 desorption is the major energy-consuming process in CO2 

capture [3233]. The regeneration energy (Q) consists of three parts: the 
reaction heat of desorption (Qr), the latent heat of vaporization (Qv), and 
the sensible heat (Qs). EC is defined as the ratio of energy/released CO2. 
The calculation formulas are shown below: 

Q = Qs +Qr +Qv (5)  

EC =
Energy(KJ)

CO2stripped(mol)
(6)  

2.4.4. Characterization analysis 

2.4.4.1. NMR. The 13C and 1H spectrum of AMP-based absorbents are 
analysed by a 500 MHZ nuclear magnetic resonance spectrometer 
(Buker Ascend NMR AVA500). To provide enough signals for the 
deuterium lock, deuterated D2O was introduced into the NMR tube tube 
[33]. When preparing the samples, 0.2 ml AMP-based absorbents and 
0.2 ml D2O were mixed in plastic centrifuge tube and inject into Kimble 
NMR sample tubes (500 MHZ). The NMR tubes then send to the auto-
mation NMR spectrometer for 13C spectrum (64 scan) and 1H spectrum 
(8 scan). 

2.4.4.2. ATR FT-IR. The composition of AMP-based absorbents in the 
reaction process was analysed by a PerkinElmer Frontier spectrometer 
equipped with a universal ATR (Attenuated Total Reflection) polariza-
tion accessory. In each IR characterization, 0.25 ml samples were placed 
onto the ATR crystal, then scanned with 50 accumulations. The mea-
surement is taken, and, after completion, the crystal is wiped clean using 
ethanol and water. The wavenumbers ranged from 650 cm− 1 to 4000 
cm− 1. 

2.4.4.3. TG/DSC. In this study, thermogravimetric (TG) analysis was 
employed to measure the weight change and thermal stability during 
desorption process with synchronous thermal analyzer (NETZSCH STA 
449 F1). The fresh and CO2-saturated absorbents were measured were 
observed in 5 ml/min N2 atmosphere under 90 ◦C for 60 min, and 
temperature rise rate is 5 K per minute. In each TG analysis, 20 mg 
samples were placed into aluminium pan with lid, with one hole on the 
top. The weight change during heating is observed. As the gas stream 
containing CO2 bubbled through the absorbents from 25 ◦C with a flow 
rate of 20 ml/min, temperature rise rate is 1 K per minute and final 
temperature is 40 ◦C. The synchronous thermal analyzer was employed 
to measure the weight change and heat effect of absorbents during ab-
sorption. Similar as TG analysis, 20 mg samples were placed into open 
aluminium pan, for fully contact with CO2 during measurement. 
Therefore, the reaction heat and volatility could be estimated [32,33]. 
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2.4.5. Quantum computational methods 
Molecular simulation provides a detailed understanding of the 

molecular-level interactions between gases and absorbents. In this 
study, all calculations were performed using the Gaussian 09 software 
package [34], utilizing density functional theory (DFT) as a powerful 
tool to elucidate the precipitation and reaction mechanism. The geom-
etries, frequencies and single point energy of reactants and products 
were optimized at the B3LYP/6-311+G (d, p) level. Also, natural 
valence bond orbital theory (NBO) charge analysis of AMP-CO2 products 
are performed in same level calculation [35]. 

Results and discussion 

3.1. Mitigation of the precipitation for AMP-CO2 absorption products 

Non-aqueous AMP absorbent has attracted much attention as its low 
vapour pressure and low CO2 desorption energy required. However, the 
reaction product of CO2 with AMP forms precipitates in most of organic 
solvents, limit their CO2 capture capacity, and cannot be recycled in a 
cyclic CO2 capture process. Typically, CO2 absorption by non-aqueous 
AMP stops when the CO2 loading reaches only 10–30% of the capac-
ity, depending on the solvent used. The strategy here is to find a proper 
solvent to modify intermolecular force to prevent the precipitation of 
CO2-AMP products, and maximize the adsorption potential of AMP 
based absorbents for efficient CO2 capture. A series of batch experiments 
and theoretical calculations were designed to test the impact of various 
solvents on the CO2 absorption performance of AMP and on the pre-
cipitation of AMP-CO2 products. The CO2 absorption behaviour of 30 wt 
% AMP aqueous solution was measured as a reference. In general, most 
of the AMP-based absorbents underwent precipitation when their CO2 
absorption capacity higher than 30 g-CO2/(kg-soln.). Only H2O, EG, and 
glycerol are excluded. 

With the absorption progress, the AMP-CO2 products gradually dis-
played a turbid appearance, the precipitates are then formed and ulti-
mately obstructed the gas inlet tube and impeded CO2 absorption. 
During the CO2 absorption process, measurements were recorded until 
absorption ceased for precipitated systems, whereas for non-precipitated 
systems, measurements were taken for up to 50 min. This period is 
sufficient for most of the absorbents to reach equilibrium. However, in 
some cases, this absorption time was not adequate to reach the 
maximum absorption limit. For a fair comparison, the desorption time of 
50 min was used as most absorbents have reached the equilibrium at this 

time [36,37]. 
As shown in the Fig. 1, AMP mixtures with water, EG or glycerol do 

not form precipitation but have a low CO2 absorption rate. While AMP 
mixtures with DMF, DMSO, NMF, DEGMEE or 1-Butanol have a much 
faster CO2 absorption rate, but formed precipitates. The precipitation 
terminates CO2 absorption at its early stage and results in a low ab-
sorption capacity. The maximum absorption rates of AMP mixture with 
DMF, DMSO and NMF are about 16.0, 15.9 and 14.5 g-CO2/ (kg-soln. 
⋅min.) respectively. Due to the carbamate precipitation during CO2 ab-
sorption, their total CO2 uptakes of AMP mixed with DMF, DMSO and 
NMF are only 72, 88 and 73 g-CO2/(kg-soln.), respectively. On the 
contrary, in the non-precipitated group, AMP mixed with H2O and EG 
have high CO2 absorption capacity even though their maximum ab-
sorption rates were only 5.9 and 5.2 g-CO2/(kg- soln.⋅min.), much lower 
than that of AMP mixed with DMF, DMSO and NMF. This means that 
AMP mixed with DMF, DMSO and NMF has potential to achieve a much 
higher CO2 absorption capacity if the precipitation can be prevented. 
The functional groups of the solvents should have a decisive influence on 
the precipitation and CO2 absorption capacity. Both the sulfoxide group 
and the sulphur group could produce precipitation during CO2 absorp-
tion, but the multi-hydroxyl group not. According to the previous 
research, the components of AMP-CO2 products crystal is research 
thoroughly [38], which contains AMPH+ and AMPCO3

2− . 
The CO2 absorption rate and the CO2 adsorption capacity are also 

determined by the solvent’s viscosity and functional groups. A high 
viscosity leads to a decrease in absorption rate due to slow gas–liquid 
mass transfer between the liquid and vapour phases. For instance, 
glycerol has the lowest maximum absorption rate due to its high vis-
cosity (1.412 Pa⋅s) [39]. However, there are some exceptions, for 
example DEGMEE has a higher viscosity but also a higher absorption 
rate than 1-butanol. The exceptions indicate that the functional group 
also plays a critical role in the CO2 absorption process. Certain func-
tional groups, such as carbonyl, sulfoxide, and ether groups, have high 
CO2-affinity, whereas hydroxyl groups are not conducive to CO2 ab-
sorption, which is consistent with the previous research [15]. Therefore, 
the higher CO2 absorption rate and capacity of DEGMEE can be attrib-
uted to the strong CO2-affinity to the ether groups in its molecule, 
compared to 1-butanol. Additionally, when comparing DMF and NMF, it 
was found that the CO2 uptake of AMP-NMF is slightly higher than that 
of AMP-DMF. However, the maximum absorption rate of AMP-NMF is 
much lower than that of AMP-DMF. This can be explained by the fact 
that the –NH group in the NMF molecule leads to a competitive reaction 

Fig. 1. Effect of solvents with different functional groups on CO2 absorption of AMP mixtures. (30% AMP, Absorption temperature: 25℃).  
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with CO2 to increase absorption, but it also forms hydrogen bonds, 
leading to an increase in viscosity and a decrease in absorption rate. 

3.2. The mechanism of AMP carbamate precipitation 

In order to maximize the potential of the absorbents which consist of 
DMF/DMSO/NMF with AMP through mitigating the negative effect 

from carbamate precipitation. Considering the solvents with hydroxyl 
groups (EG, glycerol) could weaken the intermolecular forces to prevent 
AMP-carbamate precipitation during CO2 absorption, we assumed that 
hydrogen bonds formed by solvents could enhance the solubility of 
AMP-CO2 products. Therefore, a molecular dynamics simulation is 
performed for calculating the hydrogen bonds and solubility parameters 
of AMP with different solvents. 

Fig. 2. The results of MD simulation and Quantum calculation. a) vdW solubility of AMP and AMP-CO2 products in various solvents. b) electrostatic solubility of 
AMP and AMP-CO2 products in various solvents. c) H-bonding numbers of AMP and AMP-CO2 products in various solvents. d) Solvation free energy of AMP and AMP- 
CO2 products in various solvents. e) ESP map of AMP-carbamate. f) ESP map of AMP carbamate-EG complex. 
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The composition of the precipitate during CO2 capture process using 
AMP absorbents has already been confirmed by pervious research [38]. 
As seen in Eq. (7) below, CO2 dissolved into the solution and reacted 
with AMP forming AMP-carbamate (RNHCOO− ) and protonated AMP 
(RNH3

+) [40]. With the CO2 capture progressed, the precipitated solid 
crystal (RNH3

+ RNHCOO− ) is formed through ionic interaction, and 
cannot be dispersed in some of the organic solvents. In molecular dy-
namics simulation, we separately calculated the van der Waals solubility 
parameters, electrostatic solubility parameters, and hydrogen bond 
strength of AMP, AMP carbamate, and AMP carbamic acid in different 
solvents. The results are presented in Fig. 2(a), (b), (c). The detailed data 
can be found in the supporting information part 3. 

2AMP+CO2 ↔AMPCOO− +AMPH+ (7) 

Van der Waals solubility parameters, electrostatic solubility param-
eters and hydrogen bonding numbers can be used to understand the 
dissolution of AMP carbamate in solvents. Theoretically, polar solvents 
such as DMF, DMSO and NMF have been regarded as ‘universal solvent’ 
due to their high polarity and ability to dissolve various compounds. 
DMF, DMSO and NMF should dissolve AMP carbamate complex better 
than glycerol and glycol based on their van der Waals solubility pa-
rameters (Fig. 2a). Surprisingly, our experimental results contradict this 
assumption, i.e. glycerol and glycol dissolve AMP carbamate complex 
better than DMF, DMSO and NMF. This means that van der Waals sol-
ubility parameters is not a major parameter controlling the solubility of 
AMP carbamate. After examining electrostatic solubility parameters and 
hydrogen bonding numbers (Fig. 2b and Fig. 2c), we find that the 
electrostatic solubility parameters of EG and glycerol are 40% to 42% 
higher than that of DMF, DMSO, and NMF. The hydrogen bonding 
numbers of EG and glycerol are 48% to 83% higher than these of DMF, 
DMSO, and NMF. This means that electrostatic solubility parameters and 
hydrogen bond might be the major factors controlling the solubility of 
AMP carbamate. The abundant hydrogen bonds formed between EG/ 
glycerol and the AMP carbamate lead to a reduction in the electrostatic 
potential and intramolecular force of AMP carbamates (RNH3

+

RNHCOO− ), therefore preventing their precipitation. To verify this 
assumption, we calculated the solvation free energy (ΔGsol) of AMP 
carbamate in various solvents [41], as shown in Fig. 2(d). The results 
indicate that the solvation free energy of AMP carbamate in EG is 
significantly lower (-99 KJ/mole) than in other solvents. Furthermore, 
an electrostatic potential (ESP) map demonstrates that EG effectively 
weakens the potential energy of AMP carbamate, and the Maximum 
electrostatic potential of AMP carbamate decreases from − 151.94 to 
− 162.83 KJ/mole. Thus, it can be concluded that the electrostatic force 
plays a crucial role and the van der Waals force (London dispersion 
force) is not the critical factor for dissolving carbamates. 

Based on above analysis, a novel strategy is proposed to prevent the 
precipitation of AMP carbamate in non-aqueous absorbents and improve 
the CO2 adsorption capacity of AMP-based absorbents. This strategy 
involves enhancing hydrogen bonding and reducing the electrostatic 
potential of AMP carbamate. EG and glycerol are recommended addi-
tives due to their multi-hydroxyl groups, which strengthen hydrogen 
bond formation in the absorbent mixture and prevent precipitation. 
Considering absorption capacity and rate, EG is superior to glycerol as a 
second solvent. EG will be used as the second solvents to develop and 
optimize a novel bi-solvent AMP absorbent in this study. Our simulation 
results in Fig. 2(a), (b), (c) have demonstrated that the addition of EG 
increases solubility parameters and the number of hydrogen bonds of 
AMP based adsorbents. As the combination of AMP with DMF, DMSO, 
and NMF already exhibits a high CO2 absorption rate, the addition of EG 
to the mixture is for reducing the intermolecular force of AMP carba-
mate, thereby preventing the formation of precipitates. Experimental 
work designed in following section is to realize this strategy. 

3.2. Absorption performance of bi-solvent AMP absorbents 

3.2.1. The absorption performance of AMP-based absorbents 
As discussed in section 2.3, the potential benefits of combining EG 

with DMF, NMF, and DMSO to form bi-solvent AMP-based absorbents 
may give a high CO2 absorption capacity and prevent precipitation. To 
investigate the impact of both solvent type and mass ratio on absorption 
performance, a series of experiments were conducted by varying the 
mass ratios of EG to DMF, DMSO, or NMF while maintaining a constant 
mass proportion of 30 wt% AMP. The specific mass ratios used in the 
study are presented in Table 1. 

As depicted in Fig. 3 (a)-(f), the absorption curves of all AMP-based 
bi-solvent absorbents exhibited a similar trend, wherein the absorption 
rate declined rapidly from its peak value over time before stabilizing at 
the end. The absorbents consisting of AMP mixed with pure DMF, NMF, 
or DMSO demonstrated the highest CO2 absorption rate before precip-
itation occurred, while AMP mixed with pure EG had the lowest ab-
sorption rate. The addition of EG into AMP-(DMF/NMF/DMSO) system 
forms a bi-solvent AMP absorbent. The maximum absorption rate of the 
bi-solvent AMP absorbents increased with a decrease in EG mass pro-
portion, indicating that the addition of DMF, NMF, or DMSO solvents 
effectively resolved the issue of low absorption rates as observed in pure 
AMP-EG absorbent. However, when the EG concentration was less than 
40 wt%, precipitation still occurred in all three bi-solvent systems dur-
ing CO2 absorption, as illustrated in Fig. 4. 

As can be seen from Fig. 3, increase in EG proportion in the bi-solvent 
led to a delay of the precipitation for all three systems, suggesting that 
EG exhibited an inhibitory effect on precipitation. Once EG mass ratio 
reaching 40 wt%, none of these three bi-solvent systems produced pre-
cipitates during the CO2 capture process. At the same time, the CO2 
absorption capacity of the three absorbents at this ratio were the largest 
in their respective systems. Additionally, based on the t95 data in 
Table 2, it can be seen that bi-solvent AMP absorbents at a mass ratio of 
4–3 exhibited the shortest time to reach 95% absorption uptake in their 
respective systems. Therefore, we could consider that the mass ratio of 
AMP: EG: (DMF/NMF/EG) equals to 3:4:3 is the optimal mass ratio for 
all three systems. 

Fig. 4 shows the effect of mass fraction of polar solvents (DMF/ 
DMSO/NMF) on the time when precipitation occurs. The results indicate 
that with the mass fraction of polar solvent increases, the time taken for 
the precipitation formation decreases. Among these absorbents, the 
shortest time for precipitation formation is occurred in AMP-DMF sol-
vent system, which means that the AMP-carbamate produced by the 
reaction in DMF is very fast. This type of precipitation can be effectively 
inhibited by EG, once the proportion of EG is 40 wt%, the precipitation 
no longer occurs. 

3.2.2. The absorption performance of AMP-based absorbents and MEA 
30 wt% aqueous MEA has been seen as a benchmark absorbent for 

industrial CO2 capture. To determine whether the bi-solvent AMP-based 
absorbents could perform comparably, single-solvent absorbents 
(aqueous MEA, aqueous AMP and AMP-EG) were firstly investigated. 
Fig. 5 shows that in the single-solvent systems, MEA-H2O outperformed 
AMP-H2O and AMP-EG absorbents in both maximum absorption rate 
and absorption capacity, and the maximum absorption rate and ab-
sorption capacity of AMP-EG were the lowest. This is likely due to the 
steric hindrance effect in the AMP molecule [20]. The performance of 
AMP-EG was improved considerably after the addition of DMF, DMSO, 
or NMF to form bi-solvent absorbents. Compared with the single-solvent 
AMP-EG absorbent, the bi-solvent system of AMP-EG-DMF (4–3), AMP- 
EG-NMF (4–3) and AMP-EG-DMSO (4–3) have more than doubled 
maximum absorption rates and CO2 uptake increased by more than 20%. 
Among these three bi-solvent systems, AMP-EG-DMF (4–3) performed 
the best with maximum CO2 absorption rate and absorption capacity of 
9.91 g- CO2/ (kg-soln. -min.) and 122 g-CO2/ (kg-soln.), respectively. 
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3.3. Desorption performance of bi-solvent AMP-based absorbents 

3.3.1. The desorption performance of AMP-based absorbents 
CO2 desorption performance is an important criterion of absorbents. 

Therefore, we further investigated the desorption properties of the three 
bi-solvent systems with the mass ratio of AMP: EG: polar solvents of 
3:4:3 (4–3), and took 30 wt% AMP-EG as a comparison. As shown in 
Fig. 6, temperature plays an important role in the CO2 desorption pro-
cess. In general, the desorption rates of AMP-based absorbents show a 
log-normal trend along with the regeneration time. The desorption rate 
increases with increasing temperature. Among the AMP-based absor-
bents, AMP-EG-DMF exhibits the highest maximum desorption rate of 
52.9 g-CO2/ (kg-soln. ⋅min.) at 90 ◦C, which is more than twice that of 
AMP-EG at the same regeneration temperature. According to the sum-
marized results in Table 3, the CO2 desorption efficiency increases with 
the regeneration temperature increases. The order of regeneration effi-
ciency of AMP based absorbents was AMP-EG-DMF (4–3) > AMP-EG- 
NMF (4–3) > AMP-EG-DMSO (4–3). AMP-EG-DMF (4–3) could reach 
97.8% regeneration efficiency at 90 ◦C, which indicates that the bi- 
solvent AMP-based absorbents have the ability to fully regenerate at 
90 ◦C. This results in a noteworthy 25% reduction in regeneration 
temperature compared to that of the 30 wt% MEA aqueous solution by 
conventional heating, which is around 120 ℃. 

3.3.2. Comparison of the desorption performance of AMP-based absorbents 
and MEA 

As discussed above, AMP-based absorbents have demonstrated the 
excellent desorption performance. To further confirm their desorption 
capabilities and potential industrial application, the AMP-EG-DMF (4–3) 
is compared with 30 wt% aqueous amine solutions, specifically 30 wt% 
AMP-H2O and 30 wt% MEA-H2O. As illustrated in Fig. 7(a), at 90 ◦C, 
AMP-EG-DMF exhibited a remarkable desorption rate, which was 
approximately twice that of 30 wt% MEA-H2O. This suggests that in 
anhydrous condition, the product of AMP-EG-DMF and CO2 is much 
easier to decompose than CO2-AMP and CO2-MEA in aqueous condition. 

The Fig. 7(b) summarizes the absorption capacity, desorption ca-
pacity, and regeneration efficiency of AMP-H2O, MEA-H2O, AMP-EG 
and AMP-EG-DMF (4–3), where the concentration of amines were kept 
at 30 wt%. These results indicate that, at the same desorption temper-
ature, the non-aqueous absorbents (AMP-EG and AMP-EG-DMF) always 
exhibit higher regeneration efficiency than aqueous absorbents (AMP- 
H2O and MEA-H2O). Moreover, the addition of polar solvent into AMP- 
EG system further improve both the absorption capacity and regenera-
tion efficiency significantly. MEA-H2O, as a commonly used industrial 
CO2 absorbents, demonstrated a high absorption capacity of 123 g-CO2/ 
(kg-soln.), but its regeneration efficiency was only 56% at 90 ◦C. In 
contrast, the CO2 absorption capacity of AMP-EG-DMF (4–3) is 122 g- 
CO2/ (kg-soln.), which is slightly lower than that of MEA-H2O, but its 
regeneration efficiency reaches to 98% at 90 ◦C. This means that the 
cyclic adsorption capacity of AMP-EG-DMF (4–3) is much higher than 
the benchmark absorbent MEA-H2O, and has great potential to be 
applied in industry as energy-saving absorbent for CO2 capture. 

3.4. Volatilization and stability of absorbents 

3.4.1. The cyclic experiments of AMP-based absorbents 
Temperature is a critical factor affecting the CO2 desorption. Obvi-

ously, higher temperature takes beneficial to desorption performance. 
Take AMP-DMF-EG as an example, from 50 to 90 ◦C, the desorption 
efficiency increased from 68.1% to 97.8% and the maximum desorption 
rate increased from 8.5 to 52.9 (g-CO2/kg-soln. ⋅min). Compared with 
30 wt% MEA which usually requires about 120 ◦C to accomplish the 
desorption in the industry, AMP-based absorbents need lower temper-
ature for regeneration. Thus, they greatly reduce energy consumption 
during the regeneration process. 

To evaluate the stability of the AMP-EG-DMF system, cyclic 
absorption–desorption was conducted for seven times, and the results 
presented in Fig. 8. In each cycle, CO2 absorption was at 25 ◦C for 50 
min, CO2 desorption or regeneration was at 90 ◦C for 30 min with N2 gas 
purging. Notably, no solvent lost due to evaporation after the seven 
cycles. After 7 cycles of absorption–desorption, the cyclic CO2 absorp-
tion capacity was 114.5 (g-CO2/ kg-soln.), which is almost 94% of the 
maxmium CO2 adsorption capacity of AMP-DMF-EG. In contrast, for 30 
wt% MEA, the CO2 loading is about 123 (g-CO2/ (kg-soln.)) for the first 
absorption, and then reduced to 75 (g-CO2/ kg-soln.) at the 7th cycle 
which is only 61% of the initial absorption capacity. In addition, the 
AMP-DMSO-EG system has a cyclic performance similar to AMP-EG- 
DMF system as shown in Fig. S5. Therefore, the AMP-based absorbents 
exhibit much higher cyclic capacity and stability and higher CO2 ab-
sorption/desorption efficiency than 30 wt% MEA aqueous solution. 

3.4.2. The volatility of AMP-based absorbents 
The Volatility is a critical criterion for amine selection for CO2 cap-

ture from low pressure gas streams. The process of desorption occurs at 
approximately 90 ◦C, and the energy consumption is significantly 
impacted by the latent heat of evaporation. Fig. 9.shows the TG mea-
surement of fresh and CO2-rich absorbents in a N2 atmosphere at 90 ◦C 
for 40 min. The results indicate that the fresh AMP-DMF-EG absorbent 
experienced a weight loss of 8.3%, while the CO2-rich absorbent expe-
rienced a weight loss of 19.5%, attributed to partial CO2 desorption. In 
contrast, the fresh and CO2-rich 30 wt% aqueous MEA absorbents 
showed significant weight loss of 61.2% and 74.2%, respectively. The 
low volatility of the AMP-DMF-EG absorbent can significantly reduce 
the absorbent’s mass loss ratio and energy consumption due to the 
evaporation of solvent and water in a carbon capture process. 

3.4.3. The thermal stability of AMP-based absorbents 
The commercial application of absorbents requires good thermal 

stability. In general, the amine absorbents are exposed into heating for 
regeneration. Even though the desorption temperature of AMP-based 
absorbents (around 90 ◦C) is lower than MEA (120 – 140 ◦C), its ther-
mal stability still needs to be assessed. The NMR and FT-IR are employed 
to characterize the fresh AMP-based absorbents, the AMP-based absor-
bents after one cycle, after three cycles, and after five cycles, respec-
tively. The 13C NMR and 1H NMR spectrum are shown in Fig. S6 and 
Fig. S7, and the FT-IR spectrum are shown in Fig. 10a. In each cycle, CO2 
absorption was at 25 ◦C for 50 min, CO2 desorption or regeneration was 

Table 1 
Composition of the absorbents and their denotes in this study.  

30 % AMP − based Absorbent EG mass ratio DMF or DMSO or NMF mass ratio Denote 

AMP-EG-DMF or AMP-EG-DMSO or AMP-EG-NMF 0% 70% 0–7 
10% 60% 1–6 
20% 50% 2–5 
30% 40% 3–4 
40% 30% 4–3 
50% 20% 5–4 
60% 10% 6–1 
70% 0% 7–0  
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Fig. 3. CO2 absorption profiles of bi-solvent AMP-based absorbents at 25℃. a-b) Absorption rate and CO2 uptake of AMP-EG-DMF c-d) Absorption rate and CO2 
uptake of AMP-EG-NMF e-f) Absorption rate and CO2 uptake of AMP-EG-DMSO. 
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at 90 ◦C for 30 min with N2 gas purging. The 13C NMR, 1H NMR and 
ATR-FTIR spectrum showed that there are no new peaks or significant 
peak shift after multiple cycles, indicating that the AMP-based adsorbent 
not only has low evaporation but also good thermal stability. The 
chemical structures of AMP-based absorbents are stable even when 
exposed to heat for regeneration. 

3.5. The desorption energy consumption of AMP-based absorbents 

The high energy penalty is the major barrier for the implement of 
CO2 capture processes. AMP-based absorbents developed in this study 
offer the potential for complete regeneration under mild conditions. To 
evaluate their specific energy consumption, both direct measurement 
and theoretic calculation are used to verify each other. The direct 
measurement of energy consumption is conducted through a microwave 

swing process as detailed in section 2.2. The theoretic calculation is 
based on thermodynamic functions, including reaction heat, sensible 
heat, and latent heat. The reaction heat is measured using differential 
scanning calorimetry (DSC) [33]. Finally, the energy consumption of 
AMP-based absorbents is compared to that of 30 wt% aqueous MEA. 

3.5.1. Energy consumption measured from a microwave swing process 
In CO2 capture process, the high energy cost is primarily due to the 

regeneration of absorbents [28]. In this work, CO2 capture was con-
ducted in a microwave swing system. As The energy consumption during 
microwave regeneration of absorbents can be calculated through 
measuring the difference between the microwave energy before passing 
through the solvents and after passing the solvents. The detailed 
description of the principle can be seen in the Supporting Information 
Part 2. An ideal absorbent for CO2 treatment should exhibit a low en-
ergy/released CO2 ratio, referred to as ECt (Energy per CO2 in kJ/mole), 
as defined by Eq. (8). A lower value of ECt indicates the lower amount of 
energy consumed for the regeneration. As shown in Table 4, the ECt 
value for MEA aqueous solution is the largest. The ECt values decrease 
significantly after the addition of DMF, DMSO or NMF into AMP-EG to 
form bi-solvent absorbents. Among the three AMP-based bi-solvent ad-
sorbents, AMP- EG-DMF has the lowest ECt, which is 67.5% lower than 
that of MEA-H2O. This means that the energy consumption will reduce 
67.5% if AMP-EG-DMF is used to replace the bench-mark solvent 30% 
MEA aqueous solution for CO2 capture. 

ECt =
Energyt(kJ)

CO2strippedt(mol)
(8) 

However, it should be noted that the microwave energies measured 
in this non-ideal microwave swing process are specific to the experi-
mental setup used and cannot be directly compared to values from other 
literature. The microwave desorption energy measured for small sam-
ples, such as 5 g in this work, is known to overestimate the actual energy 
consumption required to strip CO2. The data can only be used for the 
comparison of the energy consumption of different absorbents. Addi-
tionally, the reactor was only partially heated by a microwave heater 
[15]; this leads to a high surface-to-volume ratio of the absorbent, 
resulting in relatively high heat losses or evaporation rates. The heat 
extracted by the N2 purging gas and the heat required to heat the quartz 
reactor also contribute to these energy losses. It is important to note that 
these energy losses are not exclusively utilized for CO2 desorption but 
are accounted for in the reported data. Therefore, an energy 

Fig. 4. Relationship between precipitation time of AMP-based absorbents and the EG mass ratio. The mass ratio denote is marked in Table.1.  

Table 2 
The summary of CO2 absorption capacity, maximum CO2 absorption rate and t95 
of AMP-based absorbents at 25℃.  

Absorbents Maximum CO2 

absorption rate 
CO2 Capacity t95* 

g-CO2/kg-soln.⋅min. g-CO2/kg- 
soln. 

mole-CO2/ 
mole-amine 

min 

AMP-EG-DMF 
(4–3)  

9.91 122  0.82  32.0 

AMP-EG-DMF 
(5–2)  

7.96 110  0.74  34.5 

AMP-EG-DMF 
(6–1)  

7.49 101  0.68  39.0 

AMP-EG-DMSO 
(4–3)  

8.55 110  0.74  35.5 

AMP-EG-DMSO 
(5–2)  

8.77 104  0.70  36.5 

AMP-EG-DMSO 
(6–1)  

5.23 96  0.65  44.5 

AMP-EG-NMF 
(4–3)  

9.49 119  0.80  38.5 

AMP-EG-NMF 
(5–2)  

8.07 113  0.76  41.0 

AMP-EG-NMF 
(6–1)  

7.51 100  0.67  43.5 

AMP-EG (7–0)  4.43 92  0.61  46.0 
AMP-H2O  6.04 95  0.63  34.2 
MEA-H2O  7.32 123  0.57  29.9 

*:t95 is the time spent on reaching 95% absorption capacity. 
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Fig. 5. Absorption performance of MEA-H2O and AMP-based binary absorbents at 25℃. Left: Absorption kinetics. Right: Absorption capacity.  

Fig. 6. CO2 desorption profile of bi-solvent AMP-based absorbents. a) Desorption rate of AMP-EG-DMF b) Desorption rate of AMP-EG-NMF c) Desorption rate of 
AMP-EG-NMF d) Desorption rate of AMP-EG at 50-90℃. 
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consumption calculation approach based on the thermodynamics func-
tions is proposed, following the ideal regeneration process. 

3.5.2. Energy consumption calculated by thermodynamics functions 
The energy (Q) during desorption process consists of three parts: the 

reaction heat of desorption (Qr), the latent heat of vaporization (Qv), and 
the sensible heat (Qs). The calculation equations are shown below: 

Q = Qs +Qr +Qv (9)  

Qs =
CpmLΔT
mCO2

=
CpΔT

cabxMCO2

(10)  

Qr =
nCO2 ΔH
mCO2

=
ΔH
MCO2

(11)  

Qv =
nwΔHH2o

mCO2

=
nwΔHH2o

nCO2MCO2

(12) 

Specific heat capacity (Cp) is needed for the calculation of the sen-
sible heat (Qs). In this study, the average heat capacities of AMP-EG, 
AMP-EG-DMF, AMP-EG-DMSO and AMP-EG-NMF systems are 170.53, 
170.61, 173.10 and 161.89 (J/(mole*K)), respectively, and results of 
sensible heat are presented at Table 4. The specific heat capacity of the 
mixture is calculated from the sum of the specific heat capacities of the 
molar ratios of each component. The reaction heat takes up the largest 
part of regeneration energy, and has been measured by TG/DSC analy-
ser. To ensure that the measured reaction heat is accurate, the reaction 
heat of 30 wt% aqueous MEA is measured first and the value is 1.892 kJ/ 
g CO2, which is consistent with the previous research (1.818–2.5 kj/g 
CO2) [32]. As shown in Fig. S4, the reaction heat for AMP-EG, AMP-EG- 
DMF, AMP-EG-DMSO and AMP-EG-NMF are 1.081, 0.807, 0.786, and 
0.8104 kJ/g CO2, respectively. Comparing to the reaction heat of 30 wt 
% aqueous MEA (1.892 kJ/g CO2), the novel AMP-based absorbents 
developed in this study offer a substantial reduction in energy con-
sumption for CO2 capture. During the regeneration process, the energy 
required for vaporization (latent heat, (Qv)) of the absorbent is signifi-
cantly reduced. This is because the desorption temperature (90 ◦C) is 
considerably lower than the vaporization temperature of each compo-
nent in the AMP-based absorbents, rendering the latent heat contribu-
tion negligible. 

As seen in Table. 5, according to previous report [33], the regener-
ation energy consumption value of 30 wt% MEA aqueous absorbent is 
3.84 kJ/g CO2. The Qtotal of AMP-EG-DMF was 2.062 kJ/g CO2, which 
was about 46.30% lower than that of MEA-H2O and 35.50% lower than 
that of AMP-EG. For AMP based absorbents, the values of Qsensibleheat are 
much lower than that of MEA-H2O. This could be attributed to the low 
heat capacity of EG. Similarly, the value of Qreactionheat for AMP-EG-DMF 
(0.807 kJ/g CO2) was also lower than that for MEA-H2O (1.795 kJ/g 
CO2). The reduced energy consumption in CO2 capture can be attributed 
to the instability of alkyl carbonates and their easier desorption 
characteristics. 

In conclusion, the regeneration energy estimation is aligned to the 
ECt calculation, that is the regeneration energy of AMP bi-solvent ab-
sorbents are lower than that of AMP with EG single solvent, and lower 
than that of MEA-H2O. In comparison to MEA-H2O, AMP-based absor-
bents can save about 16.74% to 46.30% energy in the CO2 capture 
process, this characteristic makes it a promising and energy-saving 
alternative for CO2 capture. 

3.6. Reaction mechanism in AMP-based absorbents 

Based on the zwitterion mechanism. CO2 reacts with primary amines, 
such as AMP, to form zwitterions. Under non-aqueous conditions, the 
zwitterion further reacts with AMP through H+ transfer forming 
RHNCOO− , as illustrated in Eqs. (13)–(15) (RNH2 denotes AMP). The 
stoichiometric coefficient of amine and CO2 in the reaction is 2: 1 when a 
non-aqueous solvent is used. This means that the maximum CO2 loading 
through this reaction is 0.5 mol CO2 per mole amine [33,42]. 

RNH2 +CO2 ↔RNH+
2 COO− (13)  

RNH2 +RNH+
2 COO− ↔RNH+

3 +RNHCOO− (14)  

2RNH2 +CO2 ↔RNH+
3 +RNHCOO− (15) 

However, for AMP-based absorbents developed in our studies (AMP- 
EG and bi-solvent non-aqueous AMP absorbents), the CO2 loading could 
reach to 0.82 mol CO2 per mole amine, which is much higher than the 
theoretical value of 0.5. To understand this significant improvement, the 
reaction mechanism of the AMP-based absorbents was investigated 
through qualitative analysis, employing in-situ Fourier Transform- 
Infrared (FT-IR) and Nuclear Magnetic Resonance (NMR) techniques. 

Table 3 
Desorption performance of AMP-EG-DMF/DMSO absorbents with various AMP 
to EG ratios.  

Absorbent Temp. Maximum 
desorption rate 

CO2 

desorbed 
Regeneration 
efficiency (η) 

℃ g-CO2/ (kg-soln.⋅ 
min.) 

g-CO2/kg- 
soln. 

% 

AMP-EG-DMF 
(4–3) 

50  8.5 84 68 
60  20.5 95 77 
70  34.1 105 86 
80  42.5 110 89 
90  52.9 119 98 

AMP-EG- 
DMSO (4–3) 

50  8.6 64 58 
60  13.2 84 76 
70  27.6 89 81 
80  31.2 94 86 
90  43.2 102 92 

AMP-EG-NMF 
(4–3) 

50  12.4 75 62 
60  19.2 88 73 
70  39.5 101 76 
80  41.3 91 82 
90  49.8 99 84 

AMP-EG 50  7.2 51 53 
60  9.6 66 70 
70  11.4 74 80 
80  21.6 77 81 
90  22.8 82 89  

Fig. 7a. The comparison of CO2 desorption kinetics of AMP-water, MEA-water, 
AMP-EG and AMP-EG-DMF absorbents at 90 ◦C. 
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The NMR spectra are available in Fig. S9 and Fig. S10. 

3.6.1. In-situ ATR FT-IR and NMR spectra 
The ATR FT-IR were used to analyse the reaction products of the 

AMP based absorbents with CO2 for a time interval of 0, 3, 5, 10, 20, 30 
and 40 min to clarify the reaction mechanism. Additionally, the 13C 
NMR spectra of fresh and CO2 saturated AMP-based absorbents are 
taken to verify AMP- CO2 reaction products. The FT-IR spectra of the 
AMP-EG, AMP-EG-DMF, AMP-EG-DMSO and AMP-EG-NMF absorbents 
during CO2 absorption are shown in Fig. 10b. The 13C and 1H NMR 
spectra of AMP-based absorbents are shown in Fig. S9 and Fig. S10. 

For AMP-EG binary absorbents as shown Fig. 10b, two additional 
peaks appeared in the region of 800–1700 cm− 1 in the FT-IR spectra of 
the reaction products. The 1520 cm− 1 peak is assigned to C = O asym-
metric stretching in AMP-carbamate. The minor peak at 810 cm− 1 may 
be from C-N bending or torsions [43]. The 13C NMR results also 
confirmed the presence of AMP-carbamate at 162.89 ppm, which means 
that AMP-carbamate is the major product from CO2 and AMP-EG binary 
absorbents. A small signal peak appeared at 159.37 ppm, indicating the 

presence of alkylcarbonate (R-O-COO− ) [44]. However, the intensity of 
this peak was minimal, which demonstrated that only a small amount of 
EG reacted with CO2. Therefore, for AMP-EG absorbents, CO2 primarily 
reacts with AMP and forms AMP-carbamate, then some amount of CO2 
reacted with EG to form EG alkyl carbonate. 

With the addition of the polar solvent (DMF, DMSO, or NMF), the 
reaction becomes much more complex, and the absorption capacity 
increased from 0.61 to 0.82 mol (CO2)/mole (amine) due to the for-
mation of new EG alkyl carbonate. Carbamate and bicarbonate forma-
tion, protonation of the amine group, and the dissolution of molecular 
CO2 can be seen from the additional peaks, or the shift of existing peaks 
in their FT-IR spectra. In the case of AMP-EG-DMF, five new peaks 
appear at 759, 1178, 1290, 1460 and 1550 cm− 1 after CO2 absorption. 
The 1550 and 1460 cm− 1 peaks were assigned to C = O asymmetric and 
symmetric stretching, which belongs to AMP-carbamate. The C-O and C- 
N stretching vibrations appeared at 1290 and 1178 cm− 1 peaks [43]. In 
13C NMR spectrum, we observed that the carbamate and alkyl carbonate 
peaks appeared at 161.74 and 158.96 ppm. The 13C NMR peaks of AMP 
and EG shift, which can be attributed to the formation of AMP- 

Fig. 7b. The comparison of CO2 absorption/desorption capacity and regeneration efficiency of AMP-water, MEA-water, AMP-EG and AMP-EG-DMF absorbents 
at 90 ◦C. 

Fig. 8. Cyclic capacity of AMP-DMF-EG (4–3), compared with 30 wt% MEA- 
H2O (Absorption: 25 ◦C, CO2:20 ml/min N2:80 ml/min; 50 min, desorption: 
90 ◦C, N2:100 ml/min; 30 min). 

Fig. 9. TG results of the fresh and CO2-rich (AMP-EG-DMF and 30 wt% aqueous 
MEA) absorbents. 
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carbamate and EG-alky carbonate, are shown in Fig. S9. 
A similar IR and NMR spectrum could be observed during CO2 ab-

sorption by AMP-EG-NMF solution, five similar peaks appear at 764, 
1189, 1290, 1460 and 1543 cm− 1 after CO2 absorption. The 1543 cm− 1 

peaks were assigned to C = O asymmetric and symmetric stretching and 
it belongs to AMP-carbamate. The C-O and C-N stretching vibrations 
appeared at 1290 and 1189 cm− 1 peak. The 13C NMR spectroscopy of 
AMP-EG-NMF confirmed the presence of AMP-carbamate and alkyl 
carbonate of EG at 161.35 and 158.92 ppm. Additionally, the peak 
located at 164 ppm appeared in NMR spectrum of AMP-EG-DMF and 
AMP-EG-NMF belongs to the amide functional group of DMF/NMF [45]. 

As for AMP-EG-DMSO, the C-N stretching peak located at 1200 cm− 1 

is disappeared in IR spectrum. It was because the C-N signal peak was 
shielded by sulfoxide group (1100–1200 cm− 1) [46] of DMSO, making it 
impossible to observe in the IR spectrum of the AMP-EG-DMSO solution. 
The 13C NMR spectrum of AMP-EG-DMSO also confirmed the presence 
of AMP-carbamate at 161.41 ppm and alkyl carbonate of EG at 159.32 

Fig. 10a. FT-IR spectrum of recycled AMP-based absorbents. From top left to right: AMP-EG and AMP-DMF-EG. From bottom left to right: AMP-DMF-EG and AMP- 
NMF-EG. 

Table 4 
The comparison of energy consumption of AMP-based absorbents and MEA absorbent at 90℃.  

Absorbent with 30 wt% amine AMP-EG AMP-EG-DMF AMP-EG-DMSO AMP-EG-NMF Aqueous 30 wt% MEA 

Desorbed amount (mol)  0.00932  0.01351  0.01155  0.01127  0.00945 
Energy (J)  3135.77  2698.82  3376.10  2653.27  5818.44 
ECt (kJ/mol)  319.4  199.7  292.3  235.2  615.3  

Table 5 
Regeneration energy of AMP-based absorbents and MEA estimated by thermo-
dynamics equations.  

Heat components AMP- 
EG 

AMP- 
EG-DMF 

AMP- 
EG- 
DMSO 

AMP- 
EG- 
NMF 

Aqueous 
30% MEA  
[33] 

Cp(J/(mol*K)) 170.53 170.61. 173.10 161.89  – 
Qsensibleheat(kJ/g CO2 

)

2.116 1.255 1.397 1.305  1.961 

Qreactionheat(kJ/g CO2 

)

1.081 0.807 0.786 0.810  1.795 

Qvaporizationheat(kJ/g 
CO2 )

0 0 0 0  0.068 

Qtotal(kJ/g CO2) 3.197 2.062 2.183 2.115  3.84  
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ppm. 

3.6.2. Density functional theory (DFT) calculations of AMP-based 
absorbents 

Based on NMR and IR spectrum, it can be found that AMP-EG-DMF 
generates carbamate and alkyl carbonate after absorbing CO2. To 
further confirm the proposed absorption mechanism, DFT calculations 
were performed. For each set of calculations, the geometry and energy 
optimizations were performed at the B3LYP/6–311 + G (d, p) level [47]. 
The calculation results show that there is a possibility of AMPCOOH 
(AMP carbamic acid) in the reaction product. As shown in Fig. 11, in 
DMF-AMPCOOH mixture, the O–H—O hydrogen bond length between 
DMF and AMPCOOH is 1.761 Å, and the C–H—O hydrogen bond length 
is 2.243 Å. In DMSO-AMPCOOH mixture, the O–H—O hydrogen bond 
length between DMSO and AMPCOOH is 1.634 Å, and the two C–H—O 
hydrogen bond lengths are 2.311 and 2.315 Å, respectively. In NMF- 
AMPCOOH mixture, the O–H—O hydrogen bond length is 1.652 Å 
and the N–H—O hydrogen bond length is 1.809 Å. The hydrogen bond 
length in the three AMP-based solvents therefore take order: DMF- 
AMPCOOH > DMSO-AMPCOOH > NMF-AMPCOOH. The shorter the 
hydrogen bond, the greater the bond energy and the more stable the 

structure. Hence, the results from DFT calculation are consistent with 
the experimental results, i.e., DMF- AMPCOOH is easier to regenerate 
than DMSO- AMPCOOH and NMF- AMPCOOH, therefore requires lees 
energy consumption. 

The NBO charge analysis is also used to calculate the free charge on 
the atom of the adsorbents. The results indicate that the negative charge 
of oxygen atom on DMSO is − 0.950, which is the largest among the 
three solvents, therefore gives the shortest hydrogen bond. NMF has two 
negatively charged atoms, O and N. The charge of oxygen atom is 
− 0.609 and the charge of nitrogen atom is − 0.668. The combined effect 
of these two negatively charge atoms leads to a stable structure of 
AMPCOOH-NMF as well. However, DMF has only oxygen atom with a 
charge of − 0.617, therefore leading to a relatively unstable structure 
and low regeneration energy required. 

3.6.3. Summary of reaction mechanism 
According to the theoretical analysis and experimental results, the 

possible CO2 absorption mechanisms of AMP-EG and bi-solvent AMP 
based absorbents are proposed in Fig. 12. For AMP-EG absorbent, CO2 
absorption follows the zwitterion mechanism, in which CO2 firstly reacts 
with AMP forming carbamate, then followed by the hydrolysis of 

Fig. 10b. ATR-FTIR spectra of AMP based absorbents (0 min) and after bubbling CO2 for 3, 5, 10, 20, 30 and 40 min.  
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carbamate. The CO2 uptake of AMP-EG is 0.61 (mole-CO2/mole-amine), 
which is slightly higher than the theoretical value of 0.5. This proves 
that part of CO2 also reacted with EG. Due to the absence of H2O in the 

AMP-EG absorbent, CO2 cannot be hydrated to form HCO3
− /CO3

2− . 
With the addition of DMF, DMSO, or NMF to AMP-EG system, besides 

the formation of AMP-carbamate mentioned above, the hydroxyl group 
on EG is deprotonated and reacts with CO2 forming alkyl carbonate due 
to the basic activation of AMP in the polar solvent. The addition of the 
polar solvents DMF, DMSO, or NMF to the AMP-EG system promotes the 
increase of 36.6% in the CO2 absorption capacity from 92 (g-CO2/kg- 
soln.) to 122 (g-CO2/kg-soln.). DFT calculations also indicate that part of 
the carbamates could be converted into carbamic acid and stabilized by 
polar solvents (DMF/DMSO/NMF), therefore increase the absorption 
capacity. The synergistic effect of the bi-solvents enhances the absorp-
tion capacity and prevents precipitation. The reaction mechanism and 
routes are fully investigated and summarized in Fig. 12. 

4. Conclusion and outlook 

In this study, a novel strategy based on modifying electrostatic po-
tential to prevent precipitation of CO2-adsorbent products is promoted 
to improve CO2 absorption capacity and reduce the regeneration energy. 
We identified the cause of amine carbamate precipitation. Contrary to 
the commonly held belief that van der Waals forces play a dominant role 
in the reaction system, we found that electrostatic forces are the key 
factor in preventing the precipitation, and the addition of EG could 
effectively reduce electrostatic potential and prevent precipitation. 
Based on this strategy, AMP bi-solvent absorbents have been success-
fully developed for high efficiency of CO2 capture with reduced regen-
eration energy consumption. The experimental results indicate that the 
bi-solvent strategy can compensate for each other’s drawbacks in the 
developed AMP-based absorbents. The addition of polar solvents (DMF/ 
DMSO/NMF) to AMP-EG enhances the CO2 absorption rate and 

Fig. 11. NBO charge results and hydrogen-bonding interactions between AMP- 
carbamic acid and different polar solvents a) DMF b) DMSO c) NMF. 

Fig. 12. The reaction mechanism between AMP-EG with CO2 and AMP-EG-DMF with CO2.  
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capacity. Among these three solvents, the AMP-EG-DMF shows the best 
performance, including the highest absorption rate and capacity, the 
highest desorption rate, and the lowest regeneration efficiency. The 
optimal absorbent AMP-EG-DMF (4–3) exhibits 1.75 times higher 
regeneration efficiency than aqueous MEA with the same mass fraction 
(30 wt% AMP or MEA). The regeneration energy consumption of AMP- 
EG-DMF (4–3) is only 2.062 kJ/g CO2, which is approximately 46.30% 
lower than the 3.84 kJ/g CO2 of 30 wt% aqueous MEA. Moreover, this 
novel AMP-based bi-solvent absorbent also demonstrates excellent 
recycle stability and thermal stability, which is verified by TGA analysis. 
Based on In-situ FT-IR, NMR spectra and DFT calculation, it indicates 
that in AMP-EG binary system, CO2 absorption follows the zwitterion 
mechanism. The CO2 mainly reacts with AMP to form carbamate, and 
partially react with EG, resulting a slightly higher CO2 absorption ca-
pacity than theoretical 0.5 (mole-CO2/mole-amine). After the addition 
of polar solvents (DMF/DMSO/NMF) to AMP-EG system, part of the 
AMP-carbamate could be converted into carbamic acid and stabilized, 
which is verified by DFT calculation. The presence of EG also prevents 
precipitation of reaction products. The utilization of bi solvents to 
modify solvation free energy solubility provides new insights and 
strategy for developing next-generation amine absorbents for commer-
cial applications in CO2 capture with a low energy consumption. 
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