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Abstract
[bookmark: OLE_LINK36][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK25][bookmark: OLE_LINK30][bookmark: OLE_LINK28][bookmark: OLE_LINK29]Usually, aqueous solutions of tertiary amines are used for the CO2 scrubbing by adding some activators, requiring considerable energy consumption for the absorbent regeneration. Tertiary amines in the anhydrous conditions almost cannot absorb CO2 directly. Herein, we reported that with the help of diols, weak carbon- oxygen bonds can be formed between the specific tertiary amine and CO2, and the molecular structure constructed by these bonds will achieve notable absorption performance of CO2, which is very sensitive to the temperature and could present a novel reaction mechanism in comparison with prototypical amines. Typically, addition of ethylene glycol (EG) can greatly enhance the absorption of CO2 in N, N-Dimethylethanolamine (DMEA). The higher concentration of EG leads to higher absorption capacity and faster absorption of CO2 in DMEA. The capture mechanism was characterized by quantum chemical, FT-IR and 13C NMR. It was proved that for DMEA-EG system, the chemical structures formed by C-O bond between DMEA and CO2 significantly promote the physical absorption of CO2, which is dominant for CO2 capture. The formed C-O bond is unstable at a higher temperature. With temperature ranging from 0 to 60℃, the equilibrium absorption curves indicate both physical and chemical absorption characteristics at low temperature, while dominating physical absorption at high temperature, implying economical absorption and regeneration performance. Besides DMEA-EG system, series of binary tertiary amine solutions were prepared with two (tertiary amines 2-(diethylamino) ethanol and Methyldiethanolamine) and five diols for CO2 capture. These solutions did not show the impressive absorption performance, due to the miss of the functional molecular structures similar to DMEA-EG system.
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1. INTRODUCTION
The massive emission of carbon dioxide (CO2) from industrial processes is gradually affecting the global climate and a considerable reduction of carbon emissions is extremely required1-3. Accordingly, the capture techniques of CO2 have been greatly developed in recent decades, and among them, scrubbing CO2 with alkylamine aqueous absorbents is rather mature and widely used4-6. Nevertheless, the use of these amine compounds as adsorbents has some well-known limitations7-9. Among others, though primary (or secondary) amines can act quickly with CO2, but the formed carbamates are rather stable, resulting in high energy consumption and low regeneration efficiency10. In contrast, the capture of CO2 in tertiary amine aqueous solutions is a base-catalyzed hydration mechanism, as shown in Eq. (1). As is generally known, the tertiary amine aqueous solutions have higher absorption capacity and relatively low energy consumption for regeneration than the primary and secondary amines, but slow absorption rate 11,12. 
	R3N+CO2+H2O ⇋ R3NH++HCO3-	(1)
On the one hand, CO2 capture based on aqueous classic amines, in particular, primary (or secondary) amines such as MEA (monoethanolamine) and DEA (diethanolamine), represent the maturest technology, but the typical minimum reboiler duties are 3.6 ~ 4 GJ/ton CO2 in MEA13, The energy consumption for CO2 desorption in DEA aqueous solution is 1.63 MJ / kg CO2 in a microchannel reactor14, these data indicate that high energy consumption limits their applications15,16. It is worth noting that the energy consumption for the regeneration of aqueous alkylamine absorbents causes a large proportion of the cost in the industrial CO2 capture17-19, due to the evaporation of water. As the consequence, the anhydrous or water-lean tertiary amine is a promising absorbents because of higher absorption capacity. In order to improve the absorption performance of CO2 in tertiary amine water-lean solutions, such as solid materials and organic solvents are commonly added. Liu et al20. investigated the CO2 absorption performance in 2-(diethylamino)-ethanol (DEEA) and 2-((2-aminoethyl)amino) ethanol (AEEA) water-lean blend, DEEA/AEEA with 60% higher CO2 capacity and 44% lower energy consumption than that of the MEA21. To cut the energy consumption of CO2 capture, non-aqueous absorbents have been developed as the future application prospects. The mixed absorbent methyldiethanolamine (MDEA)+ [BEIM] BF4 yielded high cycling CO2 capacity, considerable energy saving, and especially, lower viscosity relative to pure ionic liquids22. Knuutila et al. evaluated the potential of five hybrids of tertiary amines promoted with primary amine, and compared the regeneration energy consumption23, proving a low energy cost for the non-aqueous absorbents. 
Recently, it was proved that using alcohols as activator can enhance the CO2 absorption performance in tertiary amines. Ethylene glycol(EG), 1-propanol or diethylene glycol monomethyl ether were mixed with aminomethylpropanol(AMP), 2-(isopropylamino)ethanol(IPMEA), 2-(tert-butylamino)ethanol(TBMEA) or MDEA to prepare non-aqueous solvents, to reduce the energy consumption of absorbent regeneration24. These anhydrous solutions could not only increase the absorption rate, but also greatly reduce the regeneration energy. A hybrid consisting of ZIF-8, methylimidazole and EG showed prominent performance foe CO2 capture. Noticeably, the sorption enthalpy was only -29 kJ/mol, due to the weak interaction between the absorbent and CO225,26 Then, similar studies have been performed, including hindered amine blends in EG or methanol27, MEA in EG28 and MDEA in EG29. The special absorption performance of these absorbents can be attributed to the considerable solubility of CO2 in these alcohols, enhancing the mass transfer of CO2 in the liquid absorbent, and thus facilitating the reaction between CO2 and amine30,31. According to these works, it is found that EG can act as a suitable anhydrous solvent for the tertiary alkylamine to build CO2 capture system with low energy consumption. 
Generally, both the absorption performance and energy consumption are important criteria for the selection of CO2 absorbents. Among the emerging innovative amines, DMEA can be considered as the key component for the preparation of propitious CO2 absorbents.As shown in Fig.1, DMEA has higher pKa but lower viscosity, ideal for preparing non-aqueous absorbents.  Series of aqueous amine blended solutions containing MEA, DMEA, N,N-diethylethanolamine(DEEA) and AMP were tested as CO2 absorbents32,33. Mixture of DMEA and PZ presented a remarkable improvement up to 52.44% in CO2 absorption ﬂux compared to that of the DMEA aqueous solutions at similar concentrations34,35. It is worth noting that there is currently little research on anhydrous DMEA absorbents, perhaps because the interaction between DMEA and CO2 is inseparable from the hydrogen ions provided by water. However, the presence of water will cause higher energy consumption for regeneration, and anhydrous DMEA absorbent can solve this problem.


Fig. 1 pKa and viscosity of some tertiary amines

The remainder of the present work is arranged as follows: first, anhydrous solutions with different ratios of EG and DMEA were prepared to obtain acceptable CO2 absorbents with relative low energy consumption and fast absorption. Then, the CO2 absorption in DMEA-EG mixed system was further investigated to determine the kinetics and capacities of CO2 under different temperatures. We used the Gaussian09 package to simulate the possible absorption mechanism under the B3LYP/6-311+G(d,p) level, and then FT-IR and 13C NMR were employed to o verify the calculation results and infer the capture mechanism. In addition, the prepared samples of other tertiary amines (DEEA, MDEA) and glycols (EG, PDO, etc.) were also prepared to evaluate the effect of molecular structure of the alkylamines and diols on the absorption performance of CO2.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Toc4857059]2. Materials and methods
[bookmark: _Toc4857060]2.1 Materials and absorbents preparation
Table 1. Chemicals used in this work
	Name
	Nomenclature
	Structure

	Methyldiethanolamine
	MDEA
	

	2-(diethylamino)ethanol
	DEEA
	

	[bookmark: OLE_LINK6]N,N-Dimethylethanolamine
	DMEA
	

	Ethylene glycol
	EG
	

	1,3-Propanediol
	PDO
	

	1,2-Propanediol
	MPD
	

	1,4-Butanediol
	BDO
	

	Diethylene glycol
	DEG
	

	Glycerol
	GL
	


[bookmark: OLE_LINK8][bookmark: OLE_LINK7]In the experiments, DMEA (purity≥99%, Rahawn), MDEA(purity≥99%, Aladdin), DEEA(purity≥99%, Aladdin), EG(purity≥99%, Aladdin), PDO(purity≥98%, ScienMax), MPD(purity≥99%, Aladdin), BDO(purity≥99%, Aladdin) , DEG(purity≥99%, Macklin)and GL(purity≥99%, Aladdin) were used without further purification. The structure and nomenclature of these reagents are shown in Table 1. CO2 (99.99 mol %) was purchased from Nanjing Special Gas Factory. 

[bookmark: _Toc4857061]2.2. Characterization of physical properties
DMEA-EG composites were prepared by mixing DMEA  with the required amount of EG. To evaluate the effect of DMEA content on the absorption performance, series of DMEA concentration were concerned, including 10%, 20%, 30%, 40% and 50%. Density of solutions was collected on Anton Paar DMA 5000 density meter with a precision of ±0.0001 g/cm3. The liquid viscosity was performed on a viscometer (HAAKE Rheostress 600, ±0.1%). To reveal the absorption mechanism, the structures of chemical compounds before or after the absorption were confirmed with 13C NMR and FT-IR spectra by using Bruker 400 MHz spectrometer and Thermo Scientific Nicolet iS10, respectively. 
[bookmark: _Toc4857062]2.3. CO2 Absorption
The absorption performance of the absorbents was investigated with a Dual-vessel absorption system, which was the same as our previous work36. In the experiments, approximately 1g of the absorbent was introduced into the absorption vessel that was vacuumed subsequently. For the measurements of CO2 absorption capacities, when the absorbent was stabilized at the target temperature (0, 10, 20, 30, 40 or 50℃) after introducing CO2 into the absorption vessel and obtaining a certain initial pressure (P0), the pressure was kept constant for 30 min, absorption could be regarded as saturated and the pressure was the equilibrium pressure (Pe), subsequently, the variation of the pressure (P) during this period of time which can calculate the amount of absorbed CO2.
The regeneration of DMEA-EG solutions was also performed at 30°C and 60°C under vacuum, respectively, the recycling of CO2 absorption was performed 3 times to evaluate the their regeneration performance under different temperature. 
[bookmark: _Toc4857063]3. Results and discussion
[bookmark: _Toc4857064]3.1. Physical Properties of DMEA-EG 

Fig. 2 Viscosity and density of DMEA-EG solutions at 30 ℃ 
Density and viscosity are critical date and important reference for the design of CO2 absorbents. As shown in Fig.2, the density of DMEA-EG hybrid materials increases almost linearly with the increase of EG mass fraction. Meanwhile, the viscosity dramatically increase with the increase of EG content at 50% ~ 70%, but grows up slightly with the futher increase of EG mass fraction. It enhances the diffusion of CO2 in DMEA-EG owing to the low viscosity of system, but decreases the amount of reactive sites in DMEA-EG.
Table 2. Viscosity and density of 80% EG
	[bookmark: OLE_LINK22][bookmark: OLE_LINK21]Temperature(℃)
	Density(g/cm3)
	Viscosity(cP)

	0
	1.0738
	58.98

	10
	1.0658
	40.60

	20
	1.0584
	25.03

	30
	1.0512
	16.35

	40
	1.0418
	11.03

	50
	1.0335
	7.78


[bookmark: OLE_LINK3][bookmark: OLE_LINK9]Table 2 summarizes the influence of the temperature on the density and viscosity of the solutions with 80% EG. The density and viscosity of DMEA-EG hybrid materials decrease with the increase of temperature. It is apparent that the lower temperature induces both higher density and viscosity of the absorbent, meanwhile, the density increase of DMEA-EG is much less significant than the viscosity of this with the temperature increase, the density of DMEA-EG decrease by only 0.0403 g/cm3 .
[bookmark: _Toc4857065]3.2. Absorption Performance
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]3.2.1. Effect of EG concentration
The absorption of CO2 in pure DMEA, EG and DMEA-EG composites were carried out at 30℃ and P0=101kPa and the amount of CO2 absorption curves as a function of absorption time presented in Fig. 3. As can be seen, the amount of CO2 absorbed in pure DMEA and EG are very small, with amount of CO2 absorbed are almost equal to 0 nCO2/nabsorbent. However, adding EG can greatly increase the amount of CO2 absorbed in DMEA, the mole absorption capacity (nCO2/nDMEA) increase with the EG loadings and the absorption of CO2 in those are much more rapid, with the equilibrium time less than 15min (Fig. 3(a)). As can be seen, the CO2 absorption profiles display nonideality in pure DMEA or EG under the experimental conditions, while a certain amount of CO2 can be absorbed by DMEA-EG composites. Through optimizing the ratio of DMEA and EG, the CO2 absorption capacities of 10% DMEA is even close to 0.5 nCO2/nDMEA. This implies that there must be some functional structure in DMEA-EG solution, which is beneficial to the absorption of CO2 with DMEA (the structure will be discussed in section 3.2.4).
For clear comparison, the absorption times are plotted against DMEA-EG loadings, as shown in Fig.3 (b). Herein, the absorption capacities of CO2 are defined in terms of kg CO2/ kg DMEA-EG, the mass absorption capacities of CO2 shows a different variation with EG content from that of mole capacity. Owing to the fact that mCO2 /mabsorbent rises significantly when EG concentration increasing from 5% to 50%, then it gradually drops with EG content raising from 50% to 80% but still remain at high levels, and following a dramatic reduction of mCO2/mabsorbent with a further grow of EG content. It can be concluded from Fig. 3 that EG concentration between 50% and 80% presents both high mass load and mole absorption capacity of DMEA. Fortunately,, the solution with DMEA-EG composites with 80% EG(80% DMEA-EG) is such an ideal candidate, furthermore, using the anhydrous EG as the activator for DMEA can effectively promote the absorption rate, which the common issue associated with the use of other tertiary amines.

(a)


(b)
Fig.3 CO2-Absorption of DMEA-EG mixed absorbents at 30℃
Besides the absorption capacity, other parameters are often used to describe the absorption process, such as t95, defined as the time required to achieve 95% CO2 load, and Ka, the apparent absorption rate constant36 as shown in Eq. (2). Obviously, with the reduction of EG content, the CO2 load and Ka drop gradually while t95 rises accordingly. From this comparison, it is quite interesting that with a rise in EG concentration, the CO2 load and the absorption rate both increase significantly while the solution viscosity grows up gradually. This means that there should be a stronger driving force on the absorption for the solution with more EG.

          (2)
Table 3. CO2 absorption capacities and t95 of DMEA-EG mixed absorbents 
	EG wt(%)
	
	Ka
	t95（min）
	viscosity(cP)

	90
	0.4964
	2.7214
	11.67
	16.32

	80
	0.3564
	2.8639
	12.68
	16.29

	70
	0.2525
	1.722
	14.33
	16.02

	60
	0.1978
	1.2747
	19.08
	15.00

	50
	0.1651
	1.2677
	19.90
	13.32

	40
	0.0980
	1.1681
	10.72
	13.10

	30
	0.0679
	1.0943
	6.35
	12.74

	20
	0.0392
	0.9501
	5.67
	11.75

	10
	0.0232
	0.8154
	4.55
	10.02

	5
	0.0176
	0.4082
	4.18
	9.65



3.2.2 Effect of Temperature

Fig. 4 The effect of temperature on the absorption of 80% EG
Considering the excellent CO2 absorption performance of 80% DMEA-EG, it was selected for the investigation of temperature effect on CO2 absorption is illustrated in Fig.4. It can be found that the higher temperature has negative impacts on the absorption capacity of CO2 in 80% DMEA-EG, as can be seen, the absorption capacity of CO2 in DMEA-EG at 101kPa increases from 0.2588 to 0.4303 mol/mol as the temperature drops from 50℃ to 20℃. The DMEA-EG efficiencies were calculated as the molar ratio of absorbed CO2 to total DMEA with the results are summarized in Table 4. For the case of 0 ℃ and 10 ℃, the absorption capacities are very high, but the absorption of CO2 are so slow (probably due to the strong viscosity) that the absorption of CO2 in them not reaching equilibrium after 100min. Therefore, this indicate that the absorption of CO2 in DMEA-EG solution is dominated by the physical absorption, since temperature has significantly effect on the rate of CO2 absorption in them. The lower temperature leads to the higher CO2 load and in some case, the faster absorption. As the result, 80% DMEA-EG has the potential applications in capturing CO2 with those temperatures are not that high such as nature gas.

[bookmark: OLE_LINK38][bookmark: OLE_LINK39]Table 4. CO2 loads and t95 under different temperatures when EG=80%
	[bookmark: OLE_LINK35]temperature(℃)
	
	viscosity(cP)
	t95(min)

	0
	0.5327
	58.98
	108.9

	10
	0.4782
	40.60
	119.1

	20
	0.4303
	25.03
	34.3

	30
	0.3581
	16.29
	15.4

	40
	0.3183
	11.03
	17.6

	50
	0.2588
	7.78
	21.1



As mentioned above, the absorption mechanism of aqueous tertiary amine is a base-catalyzed hydration mechanism. In the DMEA-EG solutions, the absorption of CO2 may be composed of both the physical and the chemical absorption. Tyndall effect can be observed in DMEA-EG system after absorbing CO2. This indicates that new functional structure could be constructed though the formation of new chemical bonds between CO2 and DMEA or EG. The newly formed structure could benefit the storage of CO2 in the DMEA-EG systems as the components of it exhibit affinity to CO2.
3.2.3 Thermodynamics modeling and regeneration performance 
The isotherms of equilibrium absorption at five temperature were drawn to calculate the absorption enthalpy of CO2 in 80% DMEA-EG system (Fig.5). The absorption curves under low pressure show the character of chemical absorption at low temperature, but the typical physical absorption as the curves pass linearly through the original point at high temperature (50℃ and 60℃). This indicates that the functional structure of DMEA-EG system is stable at low temperature to enhance the absorption of CO2. At high temperature (60℃), owing to the chemical construction of DMEA-EG system would be destroyed, causing the fact that itself can absorb small amount of CO2. This implies a sensitive regulation of temperature over CO2 absorption in DMEA-EG sytems.
[bookmark: OLE_LINK10][bookmark: OLE_LINK5]
Fig. 5 Absorption capacity as a function of equilibrium pressure of 80% EG
[bookmark: OLE_LINK33][bookmark: OLE_LINK34]The influence of temperature on equilibrium absorption under different pressure was illustrated in Fig.6. Under low Pe, the absorption load decreases slightly with the rising temperature, indicating the considerable chemical absorption compared with the physical absorption. Obviously, under high Pe, the rapid drop of absorption capacity with increasing temperature shows the dominant effect of physical absorption. 

Fig. 6 The effect of temperature and Pe on the absorption of 80% EG
[bookmark: OLE_LINK32][bookmark: OLE_LINK31]As mentioned above, the absorption of CO2 in the DMEA-EG system can be divided into two parts: physical absorption and chemical absorption. Similar to the previous work of our research group37, the Henry coefficients of CO2 in DMEA and EG were measured respectively, and the Henry coefficient of CO2 (H) in DMEA-EG system can be calculated with Eq. 3. 
	 	(3)
[bookmark: OLE_LINK37]Based on the Henry coefficients of CO2 in DMEA-EG at different temperatures, the absorption enthalpy of CO2 (△H) can be calculated according to the van’t Hoff Equation by drawing a linear fit between lnK and 1/T (in Eq.4), with all the correlation coefficients (R2) larger than 0.97. and the absorption enthalpy of CO2 are summarized in Table 5, the calculated △H is -25.49 kJ/mol, much smaller than the absorption enthalpy of CO2 in most tertiary amine solution ionic liquid and so on as shown in Table 6 38, This means that the absorption of CO2 in DMEA-EG solutions is almost physical and the regeneration of the absorbent needs less energy consumption.
	 	(4)
Table 5. Thermodynamic Parameters of CO2 Absorption in DMEA-EG when EG=80%
	Temperature(k)
	HDMEA(kPa)
	HEG(kPa)
	H(kPa)
	△H(kJ /mol)

	293.15
	31.64
	222.40
	100.82
	
-25.49

	303.15
	56.46
	285.35
	157.58
	

	313.15
	90.55
	276.98
	196.19
	


Table 6 Comparison with other solvents reported in the literature
	Absorbents
	Pressure(bar)
	△H(kJ /mol)
	Refs.

	80%DMEA-EG
	1
	25.49
	This work

	MDEA/Arg
(L-arginine)
	1
	29-40
	Talkhan39

	10 to 40% MDEA solvent
	1-3
	46-60
	Hanna40

	1-butyl-3-methylimidazolium glycinate ([C4mim][Gly])
	1
	41.89
	Wu41



[bookmark: OLE_LINK42][bookmark: OLE_LINK43]The absorbents with stability throughout the CO2 adsorption and desorption properties are important in industrial applications. To evaluate the recyclability of 80%DMEA-EG, CO2 loaded DMEA-EG was regenerated with the thermal and vacuum regeneration method. The regeneration performance of 80%DMEA-EG during the three cycles was displayed in Fig. 7. After two absorption-desorption cycles, the vacuum regeneration efficiency decreases slightly from 91.41% to 88.34% at 30℃. When the regeneration temperature was raised to 60 ℃, the regeneration efficiency was increased to 98.64% and 97.96%. The regeneration efficiency can be further improved at a higher temperature. Obviously, due to the dominated physical absorption and functional structure that is easily destroyed, the moderate temperature (such as 60℃) could obtain acceptable regeneration performance. However, how CO2 reacts and is stored in the DMEA-EG systems is not clear. It is necessary to detect the chemical bond changes of the system before and after the absorption, to declear the formed structure in the solution, which greatly reinforce the physical absorption of CO2

Fig. 7 Vacuum regeneration efficiency at 30 and 60 °C 
3.2.4 Absorption Mechanism. 
To further clarify the absorption mechanism, we propose three possible mechanisms as shown in Fig. 8. The Gaussian 09 package was used for calculating the interaction between the EG solution of DMEA and CO2, the optimized geometries and three interaction modes between the EG solution of DEMA and CO2 were obtained at the B3LYP/6-311+G (d, p) level of method. Fig. 9 shows the optimized configuration of the DMEA-EG and CO2 at different sites.Intramolecular hydrogen bonding may enhance the stability of mixing system. The optimization results intuitively reflect the interaction between the CO2 molecule and the active site on the EG solution of DEMA. For example, the distance between the N atom in DMEA and the O atom in CO2 is 3.09Å (Fig.9a), and the distance between the O atom in EG and the C atom in CO2 is 2.83Å (Fig.9b). It is worth noting that the distance between the O atom in DMEA and the C atom in CO2 is 1.36Å (Fig.9c), which is much lower than that of the others, indicating that the interaction between CO2 and the oxygen site in DMEA is stronger. In order to prove the accuracy of the calculated results, we conducted a spectral analysis. 



                    
       (a)                        (b)                         (c)
[bookmark: OLE_LINK16]Fig. 8 Structures of the EG solution of DMEA with CO2
[bookmark: OLE_LINK44][bookmark: OLE_LINK45][image: ][image: ][image: ]
        (a)                            (b)                      (c)
Fig. 9 Optimized geometries of the EG solution of DMEA with CO2
The liquid samples before and after CO2 absorption were analyzed with 13C NMR and FTIR spectroscopy (Fig.10 and Fig.11). Different from the IR spectrum of the pure DMEA-EG, after CO2 absorption, two new peaks appear at 1293 cm-1 and 1637 cm-1, which can be assigned to C-O stretching peaks and C=O peaks, respectively (Fig.11). As for 13C NMR spectrum, after the absorption, a new small signal peak appears at 161.4 ppm, which can be attributed to the formation of zwitterionic alkylcarbonates (R-O-CO2-)42. Moreover, the peak of 56.5 ppm moved downstream to 58.7 ppm after absorption, indicating a direct connect between DMEA and CO2. Accordingly, it can be concluded that with the aid of EG molecules, a new chemical bond is formed between CO2 and DMEA during the absorption, which constructs a functional (cage) structure in DMEA-EG solutions, conducive to more physical absorption of CO2. Rainbolt et al42. also found pure DMEA captures CO2 at elevated pressures through two modes: chemical binding as the zwitterion, and physical absorption.CO2, which is consistent with the inferences mentioned earlier in this work. However, in the case where EG can provide protons, the formation of zwitterion can be promoted to a certain extent.
As expected, the theoretically calculated enthalpy for the third configuration is -21.83 kJ/mol, which is close to the previous thermodynamic calculation result (in chapter 3.2.3 △H=-25.49 kJ/mol). More inspiringly, the energy requirements in the EG solution of DEMA regeneration lower than those for the CO2 adducts of other amines and could present a novel reaction mechanism in comparison with prototypical amines.
[image: ]
Fig. 10 13C NMR spectra of DMEA-EG before and after absorption. 
[image: ]
Fig. 11 FT-IR spectra of DMEA-EG systems.
3.2.5 Effect of the diols on CO2 absorption
[bookmark: OLE_LINK17][bookmark: OLE_LINK11]Based on the above experimental results and spectra analysis, the possible absorption mechanism may be that with the help of the hydroxyl groups on EG, some CO2 molecules react with DMEA to form new C-O bond. Then, the hydroxyl groups of the EG would connected with DMEA and CO2 through weak hydrogen bonds to construct super molecules with cage structures. The cage that is more stable under low temperature, is conducive to the physical storage of CO2. This structure may have specific molecular space combination characteristics. To prove this, five other diols similar to EG structure, as well as ethanol and glycerol were investigated. Though ethanol acts well in other system30, but DMEA-ethanol system does not absorb CO2 in the present experiments. The absorption of CO2 in the solution of 20% DMEA and 80% alcohols (1, 3-propanediol, 1, 2-propanediol, BDO, GLY) are illustrated in Fig.10. Evidently, 1, 3-propanediol and 1, 2-propanediol, have better absorption performance than BDO, probably due to the similar molecular structure to EG. The performance of 1, 2-propanediol is more prominent than that of 1, 3-propanediol. As for glycerol, which is most close to EG in structure, though the absorption is rather slow due to its frustrating viscosity, the absorption capacity of DMEA is close to that of DMEA-EG system after 35 minutes. This indicates that only a molecule with two adjacent hydroxyl groups is likely to form the effective cavity structure together with the DMEA for the capture of CO2.

Fig. 10 Effect of alcohols on CO2 absorption at 30℃ 
3.2.6 Effect of tertiary amine structure
Besides alcohols similar to EG, tertiary amines similar to DMEA were also used for the absorption to analyze the effect of the amine structure. As shown in Fig. 11(a), CO2 can be absorbed in all the tertiary amine and EG systems. The DEEA-EG system has the largest absorption capacity, but the absorption was so slow that the absorption equilibrium takes nearly 140 minutes. Unfortunately, MDEA presents both the lowest absorption rate and the least CO2 load. Obviously, DMEA-EG system possesses the highest absorption rate and relatively larger absorption capacity. 
Subsequently, the absorption of CO2 in DMEA-EG systems were also compared with those of the absorbent industrially used, as shown in Figure 11(b). DMEA-EG solution possesses the highest absorption rate. The absorption capacity of the DMEA-EG system is slightly lower than that of the MDEA aqueous solutions, but the absorption equilibrium time of the MDEA aqueous solution is 4.5 times that of the DMEA-EG system.
[bookmark: OLE_LINK20][bookmark: OLE_LINK19]
(a)


(b)
Fig .11 Effect of tertiary amines on CO2 absorption 
4. CONCLUSION
[bookmark: OLE_LINK18][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK40]It can be concluded that the unique ability of the EG solution of DMEA to absorb carbon dioxide under normal pressure by forming zwitterionic alkylcarbonate chemical binding, among them, EG plays a role in stabilizing the structure, which is more stable under low temperature, resulting in more CO2 capture. Addition of EG can greatly enhance the absorption performance of CO2 in DMEA, though CO2 is scarcely absorbed in pure DMEA or pure EG under the experimental condition. Through both chemical binding and physical absorption DMEA-EG captures up to 0.43mol/mol, while compared with other tertiary amines such as MDEA and DEEA, DMEA-EG shows the greatest absorption performance. DMEA-EG-CO2 is characterized by 13C NMR and FT-IR and analogous to the results of quantum chemical calculations. The absorption is sensitive to the temperature, since at high temperature the new chemical bond becomes unstable and the dominated physical absorption is also weakened. This is very beneficial for the regeneration process, since sufficient regeneration can be made at moderate temperature and pressure swing. The absorption enthalpy of the DMEA-EG is only -25.49kJ/mol, indicating low energy consumption for the absorbent regeneration.
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