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Abstract:



Tetraethylenepentamine (TEPA)-based mesoporous MCM-41 is used as the adsorbent to determine the CO2 desorption kinetics of amine-modified materials after adsorption. The experimental data of CO2 desorption as a function of time are derived by zero-length column at different temperatures (35, 50, and 70 °C) and analyzed by Avrami’s fractional-order kinetic model. A new method is used to distinguish the physical desorption and chemical desorption performance of surface-modified mesoporous MCM-41. The activation energy Ea of CO2 physical desorption and chemical desorption calculated from Arrhenius equation are 15.86 kJ/mol and 57.15 kJ/mol, respectively. Furthermore, intraparticle diffusion and Boyd’s film models are selected to investigate the mechanism of CO2 desorption from MCM-41 and surface-modified MCM-41. For MCM-41, there are three rate-limiting steps during the desorption process. Film diffusion is more prominent for the CO2 desorption rates at low temperatures, and pore diffusion mainly governs the rate-limiting process under higher temperatures. Besides the surface reaction, the desorption process contains four rate-limiting steps on surface-modified MCM-41.
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1. Introduction


CO2 capture and sequestration (CCS) could reduce greenhouse gas emissions and enable low-carbon electricity generation from power plants [1]. In order to reduce the overall cost and increase the possibility of practical application of CCS, solid adsorption becomes a competitive and viable method for CO2 removal, and most of the researches focus on the development of adsorbents with high CO2 capacity and efficiency [2,3,4,5]. Mesoporous MCM-41 has been extensively reported as an adsorbent for CO2 adsorption due to its mature synthesis technique and the possibility of surface modification. Amine-based mesoporous materials are promising in terms of adsorption capacity, selectivity, and stability. It is attractive to study the adsorption behavior for subsequent simulation and application. Physical adsorption tends to be minor under high temperatures, which is a drawback for adsorbing CO2 from flue gases. In contrast, chemical adsorption shows a higher adsorption capacity and can operate under high temperatures due to the chemical reaction between amine groups and CO2 [6,7]. Some researchers have reported that tetraethylenepentamine (TEPA)-based MCM-41 showed superior adsorption performance [8,9,10]. As a result, in this work, MCM-41 and TEPA-modified MCM-41 were chosen as the adsorbent. Previous work has focused on the total capacity as a criterion of effectiveness, but has rarely considered adsorption kinetics and mechanism.



The adsorption kinetics has been studied by many researchers, but there is still lack of study of desorption kinetics. However, the time dependency of desorption processes is crucial to obtain the kinetic parameters and to design the CO2 capture reactors. There are significant energy ramifications when altering the adsorbents’ properties, especially the adsorption heat. Hereafter, the effect of adsorbent properties and process parameters on the total energy penalty is examined in this work, which could help to determine the size of the system and the energy penalty of the process. The CO2 desorption kinetics in amine-modified mesoporous MCM-41 are controlled both by pore structures and by chemical-functionalized groups [11]. A new method was used to distinguish the percentage of chemical and physical desorption. In order to gain further insights into the CO2 adsorption on MCM-41 and MCM-41-TEPA, Avrami’s model was applied to calculate the desorption heat needed to unbind the CO2 molecules onto adsorbent, with the aim of building a strong basis for simulation. This work was designed to interpret the desorption kinetics of amine-modified mesoporous MCM-41.



Since introduced by Eic and Ruthven [12] for measuring the intracrystalline diffusivities in strongly adsorbed species, the zero-length column (ZLC) technique has been used extensively to study the adsorption performance in porous adsorbents due to its apparent simplicity [13,14]. ZLC was used to conduct the adsorption experiments herein described. The external mass transfer resistances and heat effects are minimized by the high flow-to-particle-mass ratio and the large thermal mass of the column in which a small amount of sample is packed [15].



The adsorption mechanism in porous materials has been investigated in terms of both a pore-filling process and a surface adsorption. Martinez et al. [16] studied the adsorption mechanism of CO2 on activated anthracite and found that the adsorption was a pore-filling process in narrow micropores. Adsorption in wide pores dominated throughout surface adsorption. However, few works interpret the adsorption mechanism in mesoporous adsorbents, not to mention the desorption mechanism. Bacsik et al. [17] used (3-aminopropyl) triethoxysilane- or (3-aminopropyl) methyldiethoxysilane-modified AMS-6 and MCM-48 as the adsorbents. IR spectra was performed to study the adsorption mechanism and concluded ammonium carbamate ion pairs and carbamic acid formed rapidly. The desorption mechanism of CO2 is still not clear, which is important to calculate energy requirements for regeneration and design of the CO2 capture reactors.



As mentioned earlier, the desorption performance is essential for CO2 separation technology. Therefore, it is a key point to understand the desorption kinetics and mechanism for the development of this technology. This work also gives a better understanding of chemical and physical CO2 desorption on amine modified mesoporous materials.




2. Experimental


2.1. Materials Preparation


MCM-41 was used as the support in this work, as mentioned earlier. TEPA-based MCM-41 was synthesized by the procedure as reported elsewhere [8,18]. The modified MCM-41 with TEPA loading of 40 wt % had the highest adsorption capacity compared with other loadings. In a typical batch, 0.2 g TEPA was added into 10 mL of dry ethanol. After dissolution, 0.5 g of MCM-41 was added under stirring conditions. Then, it was statically kept at room temperature for 12 h. The resultant precipitate was dried at 100 °C for 16 h. The process is shown in Scheme 1. The obtained sample is denoted as MCM-41-TEPA in the results.




2.2. Materials Characterization


The crystal structure of original MCM-41 and amine-based MCM-41 was characterized by X-ray diffraction (XRD) on D8 ADVANCE (Bruker, Karlsruhe, Germany) diffractometer operating at 40 kV and 30 mA with Cu-Kα radiation (0.1541 nm). The XRD 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 samples synthesized were evaluated via N2 physical adsorption analysis through ASAP2020 (Micromeritics, Norcross, GA, USA) automatic adsorption system. Each sample was degassed at 350 °C and 1.33 Pa under N2 flow for 5 h prior to measurement. The N2 adsorption data was recorded at the liquid N2 temperature (−196 °C). The surface area and the pore size distribution were calculated by the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) equations, and the total pore volume was estimated from the amount of adsorbed N2 at the partial pressure P/P0 = 0.99.



Elemental analysis was carried out by using the vario MACRO cube elemental analyzer (Elementar, Munchen, Germany) to determine C, H, and N content in the samples. Infrared spectra of MCM-41 and amine-based MCM-41 were recorded in the 4000–450 cm−1 region using Spectrum100 Fourier-transform infrared (FT-IR) (PerkinElmer, Waltham, MA, USA).




2.3. CO2 Desorption Process


Scheme 2 illustrates the simplified schematic diagram of the ZLC system used for the experiment. The ZLC column was packed with MCM-41 or MCM-41-TEPA with nonadsorbing rock wool. The wool was used to avoid the gas bypass. The adsorbent was thermally regenerated under pure helium at 100 °C for 1 h of 2 mL/min. Then, the oven temperature was reduced to 35 °C, 50 °C, and 70 °C to begin the experiments. The feed gas mixture was prepared inside a dosing oven, and drying columns were used to ensure that the gases were dry. In a ZLC experiment, the sample is first exposed to 10% CO2 and 90% He to reach the adsorption equilibrium, and then the gas is switched to pure helium at the same flow rate. DycorAmetekBenchtopquadrupole mass spectrometer (MS) was used to conveniently detect the change of outlet gas concentration. A computer monitored the signal produced by MS.





3. Results and Discussion


3.1. Material Characterization and Desorption Isotherms


Table 1 summarizes the characteristics and elemental analysis of MCM-41 and MCM-41-TEPA, as calculated from N2 adsorption/desorption isotherm. After impregnation of TEPA on MCM-41, the mesoporous structure of MCM-41 is well maintained, although the surface area decreased. Elemental analysis reveals that TEPA was successfully impregnated onto MCM-41.



Table 1. The characteristics and the operation condition of MCM-41 and MCM-41-TEPA.







	

	
MCM-41

	
MCM-41-TEPA




	
Surface area (m2/g)

	
865

	
364




	
Pore volume (cm3/g)

	
1.00

	
0.4




	
Pore size (nm)

	
4.64

	
3.62




	

	
Elemental Analysis

	
Desorption Capacity (mmol/g)




	
Samples

	
C%

	
H%

	
S%

	
N%

	
35 °C

	
50 °C

	
70 °C




	
MCM-41

	
2.01

	
0.56

	
0.07

	
0.26

	
0.15

	
0.10

	
0.08




	
MCM-41-TEPA

	
19.32

	
4.81

	
0.10

	
10.22

	
1.35

	
1.10

	
0.80










Figure 1 shows the ZLC response curves plotted as c/c0 vs. t. Clearly, under the same conditions, the desorption capacity of MCM-41 and MCM-41-TEPA under different temperatures are diverse. MCM-41-TEPA yields desorption capacity superior to MCM-41. The total CO2 capacity is the integral of the curve (i.e., the area under the curve). Through calculating the area, the desorption capacity could be obtained.


Figure 1. Desorption curves of MCM-41 and MCM-41-TEPA.
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The common assumption in the ZLC experiments is that the flow rate of the carrier gas keeps constant. The outlet flow rate can be approximated by Equation (1):


[image: there is no content]



(1)




where y is the mole fraction of the adsorbing species and F is the volumetric flow rate (mL/min), which follows as Equation (2):
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(2)







The mass balance is:
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(3)




where Vg represents the gas volume (m3/g), Vs is the solid volume, [image: there is no content] is the average adsorbed phase concentration (mmol/g), and c is the sorbate concentration (mmol/g) in the gas phase. Here, the gas phase concentration is measured. This equation can be integrated to obtain the complete isotherm as Equation (4):
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(4)







The total effluent flow rate, F, is not constant due to the desorption of the adsorbate. So, the above equation can be rewritten as Equation (5), referring the flow rate (FC) of the purge gas, which is approximately the constant:


[image: there is no content]



(5)




where C is the total concentration, which is calculated from the ideal gas law, C = P/(RT). Integration of Equation (5) allows us to calculate the total capacity. For strongly adsorbed components, the exponential tail can be approximated by an analytical function. This method could determine the integral more accurately [19]. The results are depicted in Table 1. The capacities of MCM-41-TEPA under 35, 50, and 70°C are superior to MCM-41.




3.2. Desorption Kinetics


Fast adsorption kinetics is one of the most important properties when evaluating a good adsorbent [20,21,22,23]. Currently, a lot of kinetic models are proposed to describe the experimental data. For example, Langmuir model [24,25], Langmuir–Freundlichmodel [26,27], pseudo-first-order [28], pseudo-second-order [29], and Avrami’s model [21,30,31]. Kinefuchi et al. [30] found that Avrami’s fractional-order kinetic model could describe the desorption process well. Considering the relative merits of each model, Avrami’s model was chosen in this work.



Lopes et al. [32] proposed Avrami’s fractional-order model based on Avrami’s kinetic model to simulate the phase transition and crystal growth of materials. Serna-Guerrero et al. [21] and Liu et al. [33] used this model to study the adsorption process of CO2 onto amine-based adsorbents. This model can be described as Equation (6):


[image: there is no content]



(6)







Here, kA is the Avrami kinetic constant, nA is the Avrami exponent. It reflects that the adsorption mechanisms are changed during the process. The integrated form of the model is described as Equation (7):


[image: there is no content]



(7)







In order to study the desorption process, the model is changed to Equation (8):


[image: there is no content]



(8)







The Avrami model is a reasonable assumption for both chemical adsorption and physical adsorption. The physical desorption of CO2 is the process of escaping from the fixed number of sites. The chemical desorption of CO2 is the decomposition of carbomate/bicarbonate [34]. In the implementation of the model, the main challenge is to distinguish between the contributions of chemical adsorption and physical adsorption in the overall CO2 working capacity measured.



Liu et al. [33] obtained the nA of the desorption process in the range of 0.768–0.935 and assumed it is associated with the desorption of physical desorption first and then chemical desorption. However, physical desorption and chemical desorption are concurrent. Serna-Guerrero et al. [35] proposed a new method to identify the contributions of chemical adsorption and physical adsorption in the overall CO2 adsorption process. Here, the method was applied in the desorption process. As long as capillary condensation does not occur and the inner surface of the material is freely accessible, physical desorption can be considered proportional to the surface area.



Under such assumptions, the amount of CO2 physically desorbed on the surface of the modified adsorbent is related to the CO2 desorption by the unmodified silica support under the same pressure and temperature conditions according to Equation (9):


[image: there is no content]



(9)







Figure 2 illustrates the desorption proportion of physical desorption and chemical desorption, which can be obtained by Equation (9). Avrami’s model was used to fit the curves.


Figure 2. Desorptioncurves of proportion. (a) Physical desorption; (b) chemical desorption.
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The temperature dependence of kinetic constant kA can be described by the Arrhenius equation:


[image: there is no content]



(10)




where A is the Arrhenius pre-exponential factor, Ea is activation energy, R is ideal gas constant, and T is absolute temperature.



The lnkA vs. 1000/T plot for CO2 desorption based on the values of kA according to Equation (10) is presented in Figure 3 and the parameters of the Arrhenius equation are presented in Table 2.


Figure 3. Arrhenius plots for the kinetic parameters.
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Table 2. Kinetic parameters for TEPA-based MCM-41 at different temperatures and calculated from CO2 desorption isotherms fitted to the Arrhenius equation.







	
Parameters

	
Physical Desorption

	
Chemical Desorption




	

	
35 °C

	
50 °C

	
70 °C

	
35 °C

	
50 °C

	
70 °C




	
kA

	
0.011

	
0.014

	
0.021

	
9.04 × 10−4

	
0.00282

	
0.00954




	
nA

	
0.507

	
0.459

	
0.495

	
0.391

	
0.366

	
0.388




	
R2

	
0.995

	
0.993

	
0.994

	
0.993

	
0.983

	
0.984




	
Parameters of Arrhenius Equation

	
Desorption Enthaply ΔH (kJ/mol)




	
A (s−1)

	
5.4517

	
4.85 × 106

	
MCM-41

	
MCM-41-TEPA




	
Ea (kJ/mol)

	
15.864

	
57.152

	
25.42

	
70.56




	
R2

	
0.9768

	
0.9997

	

	










The Avramikinetic parameter kA increases with the temperature, suggesting a faster desorption rate under higher temperatures. The mass transfer coefficient increase and the CO2 desorption curves are steeper with respect to temperature in this work. The values of nA for the desorption process are in the range of 0.459–0.507 for physical desorption and 0.366–0.391 for chemical desorption. Liu et al. [33] also obtained the nA of the desorption process in the range of 0.768–0.935. The Ea values are 15.86 kJ/mol and 57.15 kJ/mol for CO2 physical desorption and chemical desorption, respectively. The whole activation energy is 73.02 kJ/mol, in accordance with the result obtained by thermogravimetricanalysis (70.56 kJ/mol) as presented in Table 2. The values obtained here are larger than the values obtained by Liu et al. [27], but smaller than the values calculated by Sun et al. [28]. However, the actual rate-limiting step for CO2 adsorption could not be obtained by Avrami’s model, which needs further investigation.




3.3. Desorption Mechnisms


Avrami’s model does not provide information concerning the actual rate-limiting stepsand diffusion mechanism, since all adsorption steps are lumped together. According to the literature [36,37], there are five main mechanisms of mass transfer during desorption: (a) surface reaction, which occurs via physical or chemical interaction on desorption sites; (b) inner particle diffusion; (c) intraparticle diffusion (pore diffusion); (d) film diffusion; and (e) external diffusion. The overall rate of the desorption process may be controlled by any of these mechanisms or by a combination of two steps, in some cases. Based on the established fact that the (a), (b), and (e) steps are relatively fast, it is assumed that desorption kinetic process is controlled by CO2 film diffusion or intraparticle diffusion. Therefore, in order to better understand the rate-limiting step for CO2 desorption kinetics on amine-based MCM-41, the kinetic data was analyzed by the intraparticle diffusion model and Boyd’s film diffusion model.



(i) Intraparticle Diffusion Model



During the desorption mechanism, the CO2 molecules interact not only with the outer surface, but also diffuse out the mesopores and desorbed from the inner surface. The pore-diffusion process influences the adsorption rate and becomes the rate-limiting step.



Weber and Morris [38] proposed that if the adsorption process is influenced by intraparticle diffusion, the adsorption capacity (qt) varies linearly with the square root of time [20,36]. This model is derived from Fick’s second law of diffusion with the assumptions below:

	(a)

	
The external resistance of mass transfer is only significant at the beginning of diffusion.




	(b)

	
The diffusion direction is radial.




	(c)

	
The pore diffusivity is constant.









The model is an approximation of pore diffusion kinetics and could identify the desorption mechanism, which is expressed in Equation (11):
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(11)







In Equation (11), kd is the intraparticle diffusion rate constant, and its value can be evaluated from the slope of plot of qt versus t0.5, and C is the intercept associating with the thickness of boundary layer [20]. Usually, the intraparticle diffusion model includes three steps. The first one is intraparticle diffusion; the second is the external diffusion adsorption or boundary layer diffusion; and the third one is the final equilibrium stage.



According to this model, if intraparticle diffusion is the sole rate-limiting step, the plot is linear and should pass through the origin (C = 0). Otherwise, other processes may control the adsorption rate.



As seen in Figure 3, the Weber–Morris plots for CO2 adsorption on MCM-41 at 35, 50, and 70 °C are not linear and exhibit trilinearity, suggesting the existence of three steps for MCM-41. The first region is correlated to gradual desorption stage, where intraparticle diffusion play an important role. The second portion describes the diffusion of CO2 through the external surface of MCM-41 to the bulk gas phase and it is attributed to the boundary layer diffusion of CO2. The last stage is the final equilibrium region.



The linear plots corresponding to the first stage pass through the origin, indicating that the pore-diffusion is the only rate-limiting step. However, the linear plots of the second portion indicate the boundary layer effect over the adsorption of CO2. It is worth to note the fact that at 70 °C, the intercept of the plot is closer to the origin compared with the values of 35 and 50 °C. A possible explanation is that with the increase of temperature, the film is weaker and therefore the rate of film diffusion increases. It is reasonable to predict that under higher temperature, intraparticle diffusion is the sole rate-limiting factor for the overall CO2 adsorption process. However, under lower temperature, both pore diffusion and film diffusion contribute to the CO2 desorption kinetics on MCM-41.



Figure 4b shows the Weber–Morris plots of MCM-41-TEPA. The whole range can be divided into four regions, and it reveals that there are four successive steps for CO2 desorption on MCM-41-TEPA.


Figure 4. Plots of Weber–Morris intraparticle diffusion model for CO2 adsorption on (a) mesoporous MCM-41 and (b) MCM-41-TEPA at 35, 50, and 70 °C.
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In the first stage of 0–0.7, the plots pass through the origin, the rate limiting step is intraparticle diffusion, CO2 adsorbed through physical adsorption is easier to be desorbed in this stage. The second region is correlated to a gradual desorption stage, where the decomposition of carbomate/bicarbonate and intraparticle diffusion control the rate, under higher temperature, the chemical reaction is easier to process, so the intercept of the plot under 70 °C is closer to the origin compared with 35 and 50 °C. The third portion describes the diffusion of CO2 through the external surface to the bulk gas phase, and this stage is correlated to the boundary layer diffusion of CO2. For MCM-41-TEPA under 70 °C, this portion is very short. The last stage is the final equilibrium region. It is assumed that for MCM-41-TEPA, surface reaction is also a rate-limiting element.



(ii) Boyd Kinetic Film-Diffusion Model



Boyd kinetic film-diffusion model was used to analyze the real rate-limiting step. This model assumes that the main diffusion resistance is the boundary layer surrounding the adsorbent particle. The model is expressed as Equation (12):


[image: there is no content]



(12)




where F is the fractional adsorbed amount at different time t, as calculated using Equation (13):
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(13)







Bt can be calculated as [39]:



For F > 0.85,


[image: there is no content]



(14)







For F < 0.85,


[image: there is no content]



(15)







The equations are used to predict whether the desorption rate takes place through particle diffusion or film diffusion mechanism. If the plot of Bt versus t is linear and passes through the origin, the film diffusion gives minimal function, and pore diffusion controls the mass transfer rate. However, when the plot is not linear, or linear but not pass through the origin, film diffusion or chemical reaction makes the maximum contribution to the desorption rate [40,41].



Mass transfer mechanism can be explored in the analysis of data from Boyd’s model. As can be seen in Figure 5a, for MCM-41, porediffusion becomes more important at higher temperatures, since the intercepts of 70 °C approach zero in comparison with 35 and 50 °C. This is in accordance with the results obtained by the intraparticle diffusion model. However, for MCM-41-TEPA, the desorption mechanisms become very complicated. It is very difficult to distinguish the influence of surface reaction and diffusion at the gas/solid interface in batch systems. A mix of surface reaction and diffusion models will be used in the future work to explore further the desorption mechanism of amine modified materials.


Figure 5. Boyd plots for CO2 desorption from MCM-41 (a) and MCM-41-TEPA and (b) at 35, 50, and 70 °C.
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4. Conclusions


In this work, ZLC is used to study the desorption kinetics and desorption mechanisms, which are important to evaluate the energy requirements for regeneration of CO2 and to design the CO2 capture reactors. A novel method is presented to identify the portion of chemical adsorption and physical adsorption, which is beneficial for kinetic analysis of CO2 adsorption on amine-based mesoporous materials at different temperatures. The physical adsorption and chemical adsorption of CO2 on MCM-41-TEPA are successfully described using Avrami’s model. The value of Ea is calculated as 15.86 kJ/mol and 57.15 kJ/mol for CO2 physical desorption and chemical desorption, respectively. The whole activation energy for MCM-41 is 73.02 kJ/mol.



For MCM-41, both intraparticle diffusion model and Boyd’s model indicate that pore-diffusion becomes predominate at higher temperature. However, for MCM-41-TEPA, the desorption mechanisms become complicated due to the chemical reaction. It is difficult to distinguish the influence of surface reaction and diffusion at the gas/solid interface in batch systems. As for MCM-41-TEPA, the desorption process contains four rate-limiting steps, including surface reaction, compared with pure MCM-41 besides surface reaction.
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Scheme 1. Preparation of tetraethylenepentamine (TEPA)-impregnated MCM-41 adsorbents by impregnation. 
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Scheme 2. Schematic diagram of the zero-length column (ZLC) system. 
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