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Abstract:



Three kinds of inorganic alkali are introduced into tetraethylenepentamine (TEPA) and polyethyleneimine (PEI)-modified MCM-41 as the CO2 adsorbents. X-ray diffraction, N2 adsorption, fourier-transform infrared and thermo gravimetric analysis are used to characterize the surface structures and the thermal stability of adsorbents. Chemical titration method is used to measure the alkali amounts of adsorbents. Thermo-gravimetric analysis with 10% CO2/90% N2 as the simulated flue gas is used to test the CO2 adsorption performance of adsorbents. The results show that all three kinds of inorganic alkali-containing adsorbents exhibit higher CO2 adsorption capability than traditional TEPA and PEI modified samples. Ca(OH)2 and PEI modified samples exhibit the highest adsorption capacity and recyclable property. The introduction of inorganic alkali changes the chemical adsorption mechanism between CO2 and adsorbent surface due to the increased hydroxyl groups. The CO2 adsorption capacities have a linear dependence relation with the alkali amounts of adsorbents, indicating that alkali amount is a critical factor for the exploration of novel adsorbents.
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1. Introduction


The requirement for energy grows rapidly with economic development. In the next few decades, fossil fuels will still be the major energy supply. The proportion of energy currently coming from fossil fuelsis around 98% globally. The increase in fossil fuel utilization, correlating with higher CO2 emissions, has become a serious concern [1]. In addition, continuous uncontrolled CO2 emissions may contribute to many environmental deteriorations, such as sea level increases and species extinction. For the past few years, CO2 capture has received significant attention and is being recognized as an urgent mission [2].



The current CO2 capture technologies mainly include liquid absorption [3], solid adsorption [4,5,6], membrane purification [7], and cryogenic process [8]. Among these approaches, liquids absorption is widely known and frequently used, but is inevitably accompanied by some disadvantages, such as liquids pollution and equipment corrosion. Solid adsorption could avoid these problems, and demonstrates promising efficiencies.



The key factor for adsorption efficiencies is the adsorbents. A wide variety of materials has been investigated as CO2 adsorbents, including metal oxides [9], activated carbons [10], zeolites [11,12], and metal-organic frame-works [13]. Alkali metal or alkaline earth metal oxides-based adsorbents have achieved high CO2 adsorption capacity [14]. However, these materials have slow adsorption kinetics and require high temperature for complete regeneration. Mesoporous silicas modified with basic groups are claimed to be potentially effective materials due to the synergistic effect of physical adsorption and chemical adsorption. Abundant works have focused on this kind of material and have achieved continuous progress. There are two main approaches to the introduction of amine groups to porous materials. One is the impregnation of liquid amine (such as polyethylenimine (PEI) [4] and tetraethylenepentamine(TEPA) [5]) to disperse amine sites on the support. The other is post-synthesis by grafting aminosilanes to a silica surface. Xu et al. [4,15] dispersed polyethylenmine into the channels of MCM-41 to obtain novel CO2 adsorbents, and proposed the concept of a “molecular basket”. Recent research focused on the latter method, because grafting provides a more stable structure and superior CO2 adsorption capacities. Chen et al. [6] impregnated PEI on HMS zeolite with three-dimensional pore structure and achieved the highest adsorption capacity of 184 mg/g CO2 at a PEI loading of 60 wt %. Liu et al. [16] studied the CO2 performance of triethanolamine-impregnated SBA-15 and found that the adsorption capacity increased by seven times compared with SBA-15 precursor. Yue et al. [5,17] employed diethanol amine (DEA) and TEPA as the amine source, and calcinated and uncalcinated SBA-15 as the precursor to prepare CO2 adsorbents. Their results show that increasing amine loading decreased the surface area of SBA-15. Hydroxy groups on uncalcinated SBA-15 has a promoting effect on CO2 adsorption. Wei et al. [18] impregnated MCM-41 with three kinds of amines, namely diethylenetriamine (DETA), triethylenetetramine (TETA), and 2-amino-2-methyl-1-propanol (AMP), and found that the sample impregnated by TETA showed the highest CO2 adsorption capacity. Su et al. [19] prepared TEPA-modified commercial Y-type zeolite and studied their characterizations and adsorption/desorption properties of CO2. They found that the surface nature of Y zeolite was changed after TEPA modification, which causes a significant enhancement in CO2 adsorption capacity. Our previous work focused on the effect of amine types to the amine-based MCM-41 materials and found that TEPA and PEI-1800 demonstrated superior CO2 adsorption capability and stability compared with the others [20]. However, their adsorption capacities need to be further improved by modification.



Numerous works have reported on CO2 adsorption in amine-based adsorbents, but most works focused on the amine type and the textural structure of materials. The works concerning the effect of inorganic components to amine-based adsorbents are rare. In this work, siliceous MCM-41 is chosen as the substrate. Organic amines and inorganic alkalis are both introduced to MCM-41 to prepare the CO2 adsorbents. Three kinds of hydroxide are used as inorganic alkali due to their solubility in water during preparation. The purpose of this work is to explore how the organic amines and inorganic alkalis interact with CO2 molecules. The results are aimed to explain the effective active sites for CO2 adsorption of adsorbent materials.




2. Experimental


2.1. Materials Preparation


Siliceous MCM-41 was prepared in the presence of cetyltrimethylammonium bromide (CTAB) and tetraethylorthosilicate (TEOS) according to the procedure reported elsewhere as the substrate. The modification of MCM-41 by organic amines was conducted by wet impregnation method. A 40% mass loading of amine to MCM-41 was used, according to our previous results [21]. In a typical procedure, a desired amount of TEPA was dissolved in 10 mL dry ethanol. The mixture is stirred to make the amines dissolved, and then 0.5 g of MCM-41 was added. The obtained slurry was continuously stirred at room temperature until sufficiently blended and was then sealed to stand for 12 h in air, followed by drying for 8 h at 80 °C in a drying oven. The modification of MCM-41 by inorganic alkali was also conducted by impregnation method. Unlike amine modification, the solvent was deionized water and the drying temperature was 100 °C. A 1% mass loading of inorganic alkali to MCM-41 is conducted. The composite modification of organic and inorganic alkali of MCM-41 was conducted following the sequence of inorganic alkali first, and then organic amines.




2.2. Materials Characterization


The crystal structures of all MCM-41 and modified MCM-41 adsorbents were characterized by X-ray diffraction (XRD) on a D8 ADVANCE (Bruker, Karlsruhe, Germany) diffractometer operating at 40 kV and 30 mA with CuKα radiation (0.1541 nm). The XRD diffraction patterns were taken in the 2θ range of 1.3°–10° at a scan speed of 0.5°·min−1.



Pore diameter, volume, and surface area of the samples synthesized were evaluated via N2 physical adsorption analysis through ASAP2020 (Micromeritics, Atlanta, GA, USA) automatic adsorption system. Each sample was degassed at 623 K and 1.33 Pa under N2 flow for 5 h prior to measurement. The N2 adsorption data was recorded at the liquid N2 temperature (77 K). The surface area and the pore size distribution were calculated by the BET and BJH equations, and the total pore volume was estimated from the amount of adsorbed N2 at the partial pressure P/P0 = 0.99.



Fourier transform infrared (FT-IR) spectra of alkali modified MCM-41s was recorded in the 4000–450 cm−1 region using Spectrum100 (PerkinElmer, Waltham, MA, USA). The alkali quantity of alkali-modified MCM-41s was measured by titration method. In a typical process, 0.5 g samples were added into 25 mL of 0.1 mol/L HCl, then ultrasonically vibrated at room temperature for 24 h and filtered. Ten milliliters of filtrate were added to a conical flask and titrated with NaOH. The alkali quantity was calculated by the NaOH addition.



Thermo-gravimetric analysis (TGA) (TA Q500 Newcastle, PA, USA) was applied to determine the thermal stability of adsorbents. From a series of experiments, it was determined to treat the materials at 100 °C for a period of 60 min in N2 to remove all the water and CO2 adsorbed from the air. After the initial treatment, a heating rate of 10 °C·min−1 up to 800 °C in N2 was conducted to calculate the real amine impregnated on substrates.




2.3. CO2 Adsorption


CO2 adsorption and desorption measurements are also performed on TGA. A gas mixture of 10% CO2/90% N2 was used as the model flue gas. In each run, about 3 mg of adsorbent sample was loaded into an alumina sample pan, and then pretreated at 100 °C for 1 h in N2 to remove the adsorbed moisture, followed by cooling to the adsorption temperature of 35 °C prior to its exposure to CO2. The desorption run was conducted in a pure N2 flow at 100 °C to achieve complete desorption. In the cycling experiments, five times adsorption and desorption circulation was conducted by repeating the above process. A baseline without samples was conducted at the same condition, and the data in the results has undergonethe subtraction.





3. Results and Discussion


3.1. Preparation and Characterization of the Adsorbents


MCM-41s were modified with inorganic alkalis and organic amines. Figure 1 shows the XRD patterns of MCM-41 substrates and modified MCM-41s. For pure MCM-41, a sharp diffraction peak at 2θ = 1.9° is assigned to the 100 face of MCM-41 structure [22]. The XRD patterns of MCM-41-TEPA and MCM-41-PEI also show the characteristic behavior of MCM-41 structure, but the peak intensity of the 100 face was decreased. This is caused by the amines filling theMCM-41 pores. For inorganic alkali-modified materials, the intensity decline is obvious and the decline order is CsOH> KOH >Ca(OH)2. This order is consistent with the alkalinity of hydroxide. This result suggests that the crystal structure of MCM-41 is partly destroyed by strong base solutions during preparation. However, according to the results, the pore structure is not completely destroyed.


Figure 1. XRD patterns of MCM-41 modified by (a) tetraethylenepentamine (TEPA) (b) polyethylenimine (PEI) and various alkali components.
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Table 1 lists the textural properties of MCM-41 and various modified MCM-41s, as calculated from N2 adsorption isotherms. The results indicate that the surface area of all the modified MCM-41s decreased compared with pure MCM-41. The decrease of average pore size of modified materials is identical with the surface areas. This can be explained by the pore filling of MCM-41, and the results is in accordance with XRD patterns. The surface area decline of CsOH and KOH modified materials is also obvious in that of Ca(OH)2 modified materials, which can also be explained by structure collapse.



Table 1. Pore structure parameters of various adsorbents.







	
Materials

	
Surface Areas (m2/g)

	
Pore Volume (cm3/g)

	
Average Pore Diameters (nm)






	
MCM-41

	
865

	
1.00

	
4.64




	
MCM-41-TEPA

	
431

	
0.83

	
2.21




	
MCM-41-KOH-TEPA

	
322

	
0.97

	
2.15




	
MCM-41-Ca(OH)2-TEPA

	
405

	
0.94

	
2.31




	
MCM-41-CsOH-TEPA

	
293

	
0.97

	
2.61




	
MCM-41-PEI

	
508

	
0.98

	
2.54




	
MCM-41-KOH-PEI

	
391

	
1.08

	
2.33




	
MCM-41-Ca(OH)2-PEI

	
411

	
1.12

	
2.50




	
MCM-41-CsOH-PEI

	
306

	
0.91

	
2.14










The surface functional groups of adsorbent samples are confirmed by FT-IR spectra. Figure 2a shows the spectra of samples containing TEPA as the organic amine. The bands at 800 cm−1 and 1084 cm−1 are attributed to the νas(Si-O-Si) and νs(Si-O-Si) of MCM-41 [23]. The bands at 1475 cm−1, 1570 cm−1, and 1650 cm−1 represent the δs(C-H), δas(N-H), and δs(O-H), indicating the presence of –NH2 in samples [24]. Additionally, the band at 3430 cm−1 is characteristic of the (Si-)OH stretch. Comparing the spectrum of inorganic-containing MCM-41-TEPA samples with MCM-41-TEPA, the bands at 1475 cm−1, 1570 cm−1, and 1650 cm−1 all increase, which indicate that the presence of inorganic alkali enhance the infrared activity of amine groups. After the inorganic alkali impregnation, the MCM-41 surface is seriously changed. Therefore, the distribution of organic amine molecules in the outer surface should be increased. The FT-IR spectra in Figure 2b corresponds to PEI and different inorganic alkali modified samples. Surprisingly, PEI modified samples behave similarly in terms of FT-IR properties to the TEPA modified samples, in that inorganic alkali-containing samples exhibit obvious FT-IR bands corresponding to −NH2 characteristics.


Figure 2. FT-IR spectra of MCM-41 modified by (a) TEPA (b) PEI and various alkali components.
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The thermal stability of amines and various inorganic alkali-modified MCM-41s was evaluated by TGA, and the curves are shown in Figure 3a,b. For TEPA-modified samples (as shown in Figure 3a), there are two main obvious weight loss processes in the curves. The first stage is from room temperature to 120 °C with a mass loss of around 3%, which is attributed to the moisture evolving, and the second stage from 120 °C to 400 °C with a loss of around 30% is due to the degradation of amines. The actual amine loadings can be determined by the weight loss of the second stage. The weight losses of four samples at this stage are comparable to each other at around 30%, which is lower than the calculated value of 40% added at impregnation. This may be caused by the amine volatilization during the drying process. The weight loss difference of four samples may be due to the tiny difference of combination force between amine and MCM-41 influenced by inorganic alkali species. The TGA curves of PEI modified samples in Figure 3b show that the initial decomposition temperature of PEI is above 200 °C, which is higher than TEPA. This indicates that PEI-modified adsorbents possess better thermal stabilities and can be applied for long-term use at relatively high temperatures compared to TEPA. Contrasting the curves of TEPA-modified samples in Figure 2a, the weight loss takes place in a narrower temperature range. The faster weight loss rate of PEI-modified samples confirms that PEI degrades more quickly than TEPA at temperature-programmed conditions. The importance of alkali loadings to CO2 adsorption capacities has been confirmed by researchers [25]. From the TGA curves, it is obvious that similar weight loadings are achieved for all eight samples with various alkali species. However, as will be shown further in the text, the effective alkali amounts for CO2 adsorption are different from each other.


Figure 3. TGA curves of MCM-41 modified by (a) TEPA (b) PEI and various alkali components.
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The adsorbent materials were dissolved in HCl, and the solution was titrated by NaOH to give the effective alkali amounts. Table 2 gives the average values of three repeated experiments. The data shows that both MCM-41-TEPA and MCM-41-PEI have the lowest alkali amounts compared with inorganic alkali-containing materials, and Ca(OH)2 modified samples have the highest values. From the chemical composition of these three alkali components, Ca(OH)2 posses two hydroxyls, and the other two alkali have only one. This may be why the highest alkali amounts were obtained on Ca(OH)2-containing materials. As it is known that chemical adsorption plays an important role during CO2 adsorption on alkali-modified adsorbents, the surface basicity should be the key parameter [26]. The alkali amounts reflect the surface basicity of adsorbents and further on the effective active sites for chemical adsorption with CO2.



Table 2. Alkali amounts of various adsorbents.







	
Materials

	
NaOH Solution ([image: there is no content]/mL)

	
Alkali Amounts/(mmol/g)






	
MCM-41-TEPA

	
11.81

	
0.8812




	
MCM-41-KOH-TEPA

	
8.91

	
1.1607




	
MCM-41-Ca(OH)2-TEPA

	
4.35

	
1.6001




	
MCM-41-CsOH-TEPA

	
8.82

	
1.1693




	
MCM-41-PEI

	
12.48

	
0.7819




	
MCM-41-KOH-PEI

	
6.73

	
1.3708




	
MCM-41-Ca(OH)2-PEI

	
5.86

	
1.4546




	
MCM-41-CsOH-PEI

	
6.35

	
1.4074











3.2. CO2 Adsorption Performance of Adsorbents


Figure 4 shows the adsorption curves ofMCM-41-TEPA and MCM-41-PEIin 10% CO2/90% N2 measured by TGA. The samples were first dried by heating to 110 °C and were then cooled to 50 °C in pure N2. It can be seen that MCM-41-TEPA and MCM-41-PEIhave comparable adsorption performance. The adsorption rate of MCM-41-TEPA is slightly faster than that of MCM-41-PEI, and the adsorption capacity of MCM-41-TEPA is higher. The calculated saturation capacities are 0.512 mmol/g for MCM-41-TEPA and 0.663 mmol/g for MCM-41-PEI. As the pure MCM-41 has poor adsorption capacity [15], most of the adsorption capability contribution is from the amines impregnation.


Figure 4. CO2 adsorption curves of MCM-41-TEPAand MCM-41-PEI.
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Following the same procedure as the curves above, the adsorption curves of various inorganic containing adsorbents are given in Figure 5a,b. Figure 5a shows the adsorption curves of MCM-41-TEPA and inorganic alkali-modified MCM-41-TEPAs. It can be seen that for MCM-41-TEPA-KOH and MCM-41-TEPA-CsOH, the adsorption rates are comparable to MCM-41-TEPA, but the adsorption capacities increase. For MCM-41-TEPA-Ca(OH)2, the time to saturate adsorption is obviously shortened, thus showing a faster adsorption rate. The saturation adsorption capacities of all inorganic alkali-modified samples outperform MCM-41-TEPA in the order MCM-41-Ca(OH)2-TEPA > MCM-41-CsOH-TEPA > MCM-41-KOH-TEPA > MCM-41-TEPA. Figure 5b shows that the adsorption performance of inorganic alkali-modified MCM-41-PEIs behave slightly differently from MCM-41-TEPAs. All inorganic alkali-modified samples follow a similar adsorption pattern to that of MCM-41-TEPA, indicating that the adsorption rates are comparable. However, MCM-41-Ca(OH)2-PEI shows the highest adsorption capacity among PEI-modified samples. Despite the weak alkali of Ca(OH)2, it behaves superiorly, promoting CO2 adsorption on amine-modified MCM-41s.


Figure 5. CO2 adsorption curves of (a) TEPA (b) PEI and various inorganic alkali-modified adsorbents.
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To further understand the CO2 adsorption and regeneration properties of adsorbent samples, the insitu desorption experiment was conducted in N2 at 100 °C. Five repeated adsorption/desorption cycles were tested for all samples at the same conditions. Figure 6a shows the cycle performance of TEPA-modified samples. For MCM-41-TEPA, the weight of adsorption after one adsorption/desorption cycle slightly decreases, but the weight gains after each adsorption have no obvious decrease. This may due to that the N2 flow removes some of TEPA molecules existing on the outer surface of MCM-41. However, the effective adsorption sites on MCM-41-TEPA are not reduced. For MCM-41-KOH-TEPA and MCM-41-CsOH-TEPA, a slight drop in adsorption capacity of 4.8% and 6.9%, respectively, was observed after each cycle. This is because the combinations of KOH or CsOH to CO2 molecules are irreversible. For MCM-41-Ca(OH)2-TEPA, there is no saturation capacity decrease, which suggests that calcium-based materials have reversible combination to CO2. In addition, MCM-41-Ca(OH)2-TEPA behaves stable at operated conditions due to its better chemical stability. Figure 6b shows the cycle adsorption/desorption curves of MCM-41-PEI and inorganic alkali-modified MCM-41-PEI. The curves indicate that the cycle of all PEI modified samples are very stable for both the adsorbents’ weight due to the better thermal stability of PEI. However, there is a slight drop in the adsorption capacity for all PEI-modified samples during five runs. The maximum adsorption capacity drop is less than 0.2% which suggests that PEI modified samples have superior regeneration capabilities to TEPA.


Figure 6. Cycle adsorption/desorption performance of (a) TEPA (b) PEI and various inorganic alkali modified adsorbents.
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3.3. Promoting Effect of Inorganic Alkali


As all the inorganic alkali-containing adsorbents showed superior CO2 adsorption capacities to the amine modified alone, it is obvious that inorganic alkali plays a promoting effect on the CO2 adsorption performance of amine-modified MCM-41s. Since chemical adsorption dominates the CO2 adsorption on amine-modified materials, the chemical reaction should be discussed. Because all the adsorption experiments were conducted at dry conditions, Equations (1) and (2) are believed to be the main reactions:


[image: there is no content]



(1)
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(2)







There is only NH group existing on PEI and NH and NH2 groups co-exist on TEPA. For inorganic alkali containing adsorbents, there are hydroxyl groups existing. Thus the adsorption reaction should be Equations (3) and (4) [27]:


[image: there is no content]



(3)
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(4)







ROH participates in the reaction and the active sites from the amine are increased by half. If the adsorption on amine and inorganic alkali-modified samples occurs completely in accordance with Equations (3) and (4) and the hydroxyl groups are enough, the saturated capacity should be increased by 2 times. The altering in chemical reaction mechanism should be one reason for the promoting effect.



In order to clarify whether the promoted adsorption capacity is from the inorganic alkali and organic amine, respectively, the adsorption/desorption performance of inorganic alkali alone modified samples were also conducted. The results in Figure 7 indicate that all inorganic alkali-modified samples have very low adsorption capacities. For example, in the case of MCM-41-Ca(OH)2-TEPA, its saturated adsorption capacity is much greater than the sum capacity of MCM-41-TEPA and MCM-41-Ca(OH)2. Thus, the reason should be that the existence of inorganic alkali increases the effective alkali amounts of adsorbent materials.


Figure 7. Cycle adsorption/desorption performance of inorganic alkali modified adsorbents.
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Figure 8 shows the relationship between the saturation CO2 adsorption capacities of materials and the effective alkali amounts. It should be noted that the adsorption capacity increased with increasing alkali amounts. This indicates that the effective alkali amount is an important factor for CO2 adsorption. For Ca(OH)2 and amine co-modified adsorbents, the effective alkali amount is the highest which has the highest adsorption capacity. Compared with three kinds of inorganic alkali, Ca(OH)2 possess the most hydroxyl groups, which should be one reason for the most obvious promoting effect. These results support the results by Yue et al. [17] showing that the hydroxyl groups in the template increased the CO2 adsorption capacity of amine-containing SBA-15. During the composite modification of organic and inorganic alkali, the surface of MCM-41 undergoes complex changes. Although the framework of MCM-41 partially collapses in alkali solution, the surface OH group increases more or less modified by different alkalis. Thus, the increase of effective OH groups at the materials surface should be a key factor in the future CO2 adsorbents development.


Figure 8. Relationship between CO2 adsorption capacity and effective alkali amounts.
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4. Conclusions


In this study, we have introduced KOH, CsOH, and Ca(OH)2 into TEPA- and PEI-modified MCM-41 as the CO2 adsorbents. The CO2 adsorption capabilities of all three kinds of inorganic alkali-containing adsorbents are enhanced compared to TEPA-and PEI-modified samples. Among three kinds of inorganic alkali, Ca(OH)2-and PEI-modified samples exhibit the highest adsorption capacity and stable regeneration property. Hydroxyl groups and adsorbent alkalinity play an important role during CO2 adsorption. The CO2 adsorption capacities have a linear dependence with the alkali amounts of adsorbents.
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