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Abstract

:

Nanoporous materials offer a promising solution for gas storage applications in various scientific and engineering domains. However, several crucial challenges need to be addressed, including adsorptive capacity, rapid loading, and controlled gas delivery. A potential approach to tackle these issues is through rotation-based methods. In this study, we investigate the impact of rotation on CO2 adsorption using activated carbon, both at the early and late stages of the adsorption process. Towards this direction, three sets of experiments were conducted: (i) adsorption isotherm with rotation at each gas loading, (ii) adsorption kinetics with multiple rotations performed in sequence 15 min after CO2 introduction, and (iii) adsorption kinetics with a single rotation after 40 h of adsorption and repetition after another 20 h. For the first two cases, the comparison was performed by respective measurements without rotation, while for the last case, results were compared to a theoretical pseudo-first-order kinetic curve. Our findings demonstrate that rotation enhances the adsorptive capacity by an impressive 54%, accelerates kinetics by a factor of 3.25, and enables controllable gas delivery by adjusting the angular velocity. These results highlight rotation as a promising technique to optimize gas storage in nanoporous materials, facilitating advancements in numerous scientific and engineering applications.
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1. Introduction


Gas storage plays a pivotal role in ensuring energy security, grid stability, and the transition to a more sustainable energy future. Challenges that impact gas storage technologies [1,2] include effectiveness, scalability, and overall implementation, especially for mobile devices and vehicles.



The storage of gases in nanoporous materials and their subsequent transport and use is a modern challenge in chemical technology. There are various gases whose storage in porous media is useful and desirable. The storage of gases in porous media is useful because porous materials offer the possibility of storing larger quantities in proportion to the volume available compared to cylinders and tanks. It is also desirable because they require lower pressures and therefore provide higher safety in the workplace.



Historically, gas storage technology in porous media referred to the use of depleted reservoirs for the storage of transported natural gas. It was later realized that other gases also needed storage with functional transport and release capabilities. Today, storage technology is applied (a) for the environmental remediation of greenhouse gases (e.g., CO2, NOx, SOx, etc.) and (b) for the efficient and safer energy recovery of gases such as CH4 and H2 [3,4]. The first case aims at the permanent removal of gases that, according to the European Union as well as the US Environmental Protection Agency, are considered pollutants, while the second case concerns their temporary storage until they are used [5]. Among these gases, this paper focuses on CO2 as the most typical greenhouse gas [6].



Various methods have been developed for CO2 capture and storage [7,8]. Among them are (a) carbon capture and sequestration (CCS) and (b) carbon capture and storage (CCS). Classical CO2 capture techniques are carried out at the point of production and include (i) pre-combustion or stream purification [3] and (ii) post-combustion CO2 capture [9]. However, due to the severe problem of climate change, direct capture of CO2 from the atmosphere (direct air capture—DAC) is also highly desirable [10]. The above-mentioned techniques make use of either chemical compounds (e.g., ionic liquids) or porous materials (adsorption) [11].



Although adsorption of gases into porous materials is one promising method, optimizations are still needed. The main solids in use are activated carbon and metal–organic frameworks [12,13]. Again, the effort to produce new porous materials goes on very intensively [14,15], but there are still challenges to overcome.



There are three major requirements that a storage system must fulfill [16,17]: (a) sufficient storage capacity, (b) fast loading, and (c) controllable delivery. However, the methods to satisfy these requirements vary widely depending on the gas and the solid to be used. A popular method is the physisorption of the gas on activated carbon (AC) at ambient temperature [18,19]. One reason is that AC is an economical material; another reason is that the sample holder is simply a vessel filled with a closed random pack of AC granules that may easily accept modifications, e.g., for the proper control of input and output of the gas [20,21]. Opposite to the case of H2 storage materials, studies on CO2 adsorbents are scattered, and there is a lack of a systematic categorization based on criteria like adsorption capacity and working conditions. In this framework, a rigorous literature review has been conducted on carbon-based materials for CO2 adsorption; the results are presented in Table 1.



It is well-known that under rotation, a packed bed promotes process intensification [28,29]. A porous packed bed (PPB) is characterized by two porosities: intra- and inter-granular [30,31]. Again, the behavior of the spinning gas is important for a rotating device. Geyko and Fisch [32] have outlined a theoretical study on ideal spinning gas. Liu et al. [33] have extended this study on van der Waals gases, and Zhang et al. [34] have generalized the theory for a non-ideal gas by using the virial equation.



To the best of our knowledge, although there are a number of studies regarding the effect of a rotational field in systems including adsorption such as rotating packed beds (RPBs), they are limited in investigating only phenomena like mass and heat transfer for continuous flow which most of the times refers to a three-phase system. However, such conditions are inadequate for the examination of valuable parameters in regard to the impact of rotation on inherited properties (i.e., adsorption capacity) required for the optimization of a system with no steady-state flow, like gas storage applications based on adsorption. To this end, this study attempts to shed light on the mechanism that is enabled when adsorption occurs under rotation in a closed system.



Kosheleva et al. [35] have conducted an experimental study on the effect of spinning gas on the adsorption process. They have suggested that rotation increases the amount adsorbed. Guo et al. [36] studied the mechanism of gas–solid adsorption under rotation based on the particle diffusion model involved. Their finding suggests that in a rotating PPB, intraparticle diffusion is dominant and is the driving force of the so-called deep adsorption.



For an ideally behaved gas, rotating a disc-shaped container causes the concentration to increase at the perimeter and decrease at the center due to centrifugation. In this study, we have examined the effect of rotation on the adsorption process in the aforementioned frame of gas storage. Experimental measurements on adsorption and adsorption kinetics with and without rotation have been recorded. We have organized this work in three sections regarding the experimental procedure. The first section presents the adsorption isotherm experiment. Two adsorption isotherms were produced and compared, with and without rotation. Next, CO2 kinetics were examined after multiple rotations at an early stage of the adsorption, while a comparison with kinetics for the same period of time but without rotation was conducted as well. Finally, rotation at a late stage was performed after ~40 h, and a second one after a total of ~60 h CO2 adsorption, and the results were fitted to a pseudo-first-order (PFO) kinetic curve in order to showcase the effect of the rotation. The results are analyzed accordingly, and the mechanism constituting each case is discussed.




2. Experimental Details


The effect of rotation on the adsorption and adsorption kinetics of CO2 on activated carbon was examined. A specially designed sample cell that allows adsorption in situ with rotation was constructed (Figure 1). The device consisted of a low-vibration rotating motor and a rotating sample chamber of radius rcell = 4.5 cm and height h = 1 mm. All rotations were conducted for 1 min at 5000 rpm. Isothermal temperature was maintained by air-conditioning. During rotation, a negligible temperature increase of about +0.5 °C was observed. To monitor this, a digital thermometer was used to record °C/s. A reservoir tank, connected to the sample cell on one end and to the gas container on the other, was employed as a vessel of known volume that served as a gas dosage regulator.



2.1. Adsorption Isotherms


For conducting the adsorption isotherms experiments, 3.6 g AC was placed into the sample cell. The cell was tightly closed, and the system was set for evacuation overnight. After that, the sample cell was isolated (by closing the valves) from the reservoir tank. A desired amount of CO2 was introduced into the reservoir tank. For the first pressure step, the valve to the sample cell was opened and closed immediately after achieving pressure equilibration between the reservoir tank and the sample cell (<2 s). Finally, the pressure was recorded for 60 min at 1 s intervals. Rotation was enabled at each pressure step after 15 min of CO2 introduction.




2.2. Adsorption Kinetics


For the performance of kinetics, the steps until system evacuation were the same. Next, CO2 was introduced at a desired pressure while recording the pressure drop over time started. Rotation took place according to each experiment; see text under results. More experimental details are given elsewhere [37].



Commercially available activated carbon (AC), with grains of size 100 μm, was used in this study. A N2-adsorption isotherm of AC at 77 K was measured with a Nova 4200e porosimeter (Quantachrome, Boynton Beach, FL, USA). The BET area was estimated to be equal to about 1000 m2/g, and the average pore size, based on the BJH method, was equal to 16 Å. The mass of the AC bed was mAC = 3.6 g with solid and bulk densities of ρs = 2 g/cm3 and ρb = 0.9 g/cm3, respectively. The intra-, inter-, and total porosities ε of the system were then calculated as follows:


εintra = (ρs − ρb)/ρs, εinter = (VG − Vb)/VG, and εtot = (εintraVb + εinterVG)/VG,



(1)




where VG = 6.36 cm3 is the geometric volume of the cell, and Vb = mAC/ρb = 4 cm3 is the bulk volume of the solid; εintra = 55%, εinter = 37%, and εtot = 72%.




2.3. Adsorption Isotherms under Rotation


Adsorption isotherms at 20 °C with and without rotation were measured by the aforementioned device. The isotherm measurements were conducted in a sequence of pressure steps, where the sample cell started from vacuum conditions, and gas was introduced in controllable dosages up to 10 bar. The control of the step was provided by the reservoir tank described above. For the former case and at each pressure step, rotation was conducted for 1 min after 15 min of CO2 introduction. When rotation ceased, the system was left for 45 min before receiving the measuring point.



Figure 2 shows the results. Subsequently, the adsorption isotherms were fitted to the Langmuir model:


    q   t   =     q   e   P   K   e q     1 + P   K   e q      



(2)




where qt is the amount adsorbed, qe is the maximum amount adsorbed, and Keq is the Langmuir constant. For the case without rotation, Keq = 0.213 and qe = 0.016 kg/kg, whereas for the case with rotation, K′eq = 0.082 and q′e = 0.035 kg/kg (the prime denotes rotation). Rotation changes the Langmuir constant in a way that Keq > K′eq while qe < q′e. We have verified this trend by repeating the experiment with a single rotation as well as with a different type of AC. Although the decrease in the Langmuir constant indicates weaker adsorption, the increase in qe indicates a higher concentration of gas molecules over the solid surface [38,39]. Rotation increases the strikes of the adsorbed molecules onto the surface and also pushes some of them to previously inaccessible sites following deep adsorption, as described by Guo et al. [40].



Figure 3 shows this mechanism where an element of the solid surface is depicted. The system at a given pressure P has 2 occupied sites and 1 unoccupied site; therefore, kaPS = kdA where S are the unoccupied sites and A are the adsorbed molecules. Rotation makes accessible previously inaccessible sites, leading to 3 adsorbed molecules and 2 unoccupied sites; therefore, at the same given pressure, P, ka′PS′ = kd′A′. Since Keq = ka/kd > k′a/k′d = K′eq, by comparing these two situations, it becomes clear that A/S must be greater than A′/S′ while A < A′ and S < S′. The above inequality is compatible with the case described in Figure 3; for example, the ratio for the no-rotation case is A/S = 2/1, while the ratio for the rotational one is A′/S′ = 3/2.





3. Kinetics


We have conducted two adsorption kinetic experiments with CO2 on AC PPB. In the first experiment, multiple rotations at an early stage of the adsorption process were conducted at 10 °C. In the second one, a single rotation at a late stage of the adsorption process was conducted at 20 °C, followed by another rotation in a similar manner after some time.



Figure 4 shows the results of the first experiment. The reference curve (i.e., without rotation) was fitted to a non-linear pseudo-first-order (PFO) curve by least squares:


    P   t h   =   P   e q   + (   P   m a x   −   P   e q   )   e   −   k   1   t    



(3)




where Pth is the theoretical pressure to be compared with the experimental one, Pmax = 9190 mbar is the initial pressure, Peq = 2555 mbar is the equilibrium pressure, k1 = 0.206 is the PFO constant, and t is the time. Multiple rotations have started 20 min after gas entry into the cell and continue for 60 min with 1 min rotation every 15 min, i.e., four rotations in total. Without rotation, the pressure drops to 2270 mbar after 26 h. With multiple rotations, the system reaches the same pressure within 8 h, while after 26 h, the pressure drops to 830 mbar. Rotation makes the process 3.25 times faster with 63% more amount to be adsorbed.



Rotation increases the number of molecules that strike on the adsorbent surface. At an early adsorption stage, the bare surface is eager to accommodate the striking molecules, while rotation forces some of them to gain access to commonly inaccessible sites. Multiple rotations intensify this process. As a result, faster kinetics and higher adsorptive capacity are observed.



Figure 5 shows the results of the second experiment. Long time kinetics of about 90 h were attained. More than 300,000 data points are collected, and for practical reasons, they are reduced to 10,000. The curve may be divided into five sections from A to J. Additionally, the sections after rotation may be divided into three subsections each (see Figure 5 for details). Section AB corresponds to ordinary adsorption kinetics. The data were fitted to a non-linear pseudo-first-order (PFO) curve with an initial pressure of 6190 mbar, an equilibrium pressure of 5023 mbar, and k1 = 0.0934 (1/h).



In section BC, rotation causes a redistribution of gas molecules in the inter-granular space and, consequently, a pressure redistribution between the center and the edge of the rotating cell. Just before rotation starts, the pressure is PB = 5050 mbar (first yellow circle). After 1 min of rotation, the pressure increases to 5145 mbar (second yellow circle) and keeps increasing to PC = 5175 mbar.



For an ideal gas spinning in an empty cylinder, Geyko [32] introduced a ratio φ:


  φ =   M   ω   2     r   2     2 R T    



(4)




where M is the molecular weight of the gas, ω is the angular velocity, r is the distance from the axis of rotation, T is the constant temperature, and R is the gas constant. For this experiment,   φ   = 0.005 and P(rmax) = 5063 mbar, where P(rmax) is the pressure at the edge of the rotating cell (rcell = rmax). However, the theory fails to predict P(rmax). Apparently, the presence of the PPB plays a role in this discrepancy. Since the temperature increment due to rotation was not more than +0.5 °C, it was concluded that this abnormal pressure increase was due to desorption. By assuming static load, before rotation starts, the mass m of free gas molecules (i.e., not adsorbed) will be equal to:


  m = P     V   p   M   R T    



(5)




where P is the applied pressure (global), and Vp is the inter-granular pore volume of the PPB in the rotating cell. During rotation, the radial force balance is given as:


  d P =   m ( r )   ω   2       V   p     r d r ,  



(6)




where dP is the pressure differential, and m(r) is the mass distributed within the different zones at a distance r from the axis of rotation. Rotation promotes desorption from intra-pores of the inner zone, resulting in the addition of more free gas into the inter-granular space. By substituting Equations (5) and (6):


    d P   P   =   M   ω   2   r   R T   d r ⇒ l n   P ( r )   P   =   M   ω   2     r   2     2 R T   + l n κ  



(7)




where ln  κ   is the integration constant that takes care of the mass (or pressure) differences;   κ   ≥ 1 depending on the stage at which the adsorption process has proceeded. The distribution of pressure along the rotating PPB will be:


  P ( r ) = κ P   φ   e   φ       e   φ   − 1    



(8)







Notice that     φ   e   φ       e   φ   − 1     → 1 as   φ   → 0. Since, in our experiment,   φ   = 0.005, by neglecting this factor for simplicity reasons,   κ   = 1.019, indicating that desorption occurs during rotation. After rotation ceases, kicking effects, due to abrupt stopping, lead to further desorption until point C.



In section CF, the system undergoes a settling-down procedure. However, this is a complicated phase comprising different movements and processes. The mean free path of CO2 molecules is about 200 Å, which is much less than the inter-granular space (~10 μm) but bigger than the intra-pore space (pore size ~16 Å). Due to pressure difference, gas will flow from the edge to the center of the rotating cell within the inter-granular space, while in the intra-pore space, Knudsen diffusion will occur.



We have assumed two zones within the rotating PPB cell (Figure 6). A lower concentration zone forms around the axis of rotation toward a critical radius rc, where a transition from negative to positive pressure differences occur, ΔP = P(r) − P, and a hallow circular zone of higher concentration from rc to the edge of the cell (see also Figure 7). For the present experiment, rc = 3.2 cm, depending on the geometry of the sample cell.



In the CD subsection, the gas flows from the outer to the inner zone. At point D, PD = 5045 mbar. Since the driving force ΔP ≤ 125 mbar and continues to decrease over time, this subsection is completed in about 5 h. However, inside the pores, there is an unequal distribution of gas molecules, with the pores in the outer zone having a pressure higher than PD and the pores in the inner zone having a pressure less than PD. As a result, secondary desorption occurs from inside the pores in the over-pressure zone, and the bulk pressure reaches after 3 h the E point where PD < PE = 5070 mbar. Since the two zones are of equal volume, but the bulk pressure is higher than the pressure inside the pores in the under-pressure zone, additional adsorption takes place from E to F. It is obvious that the whole process is not discrete but continuous as the kinetics of the molecules in the bulk with the kinetics of adsorption inside the pores is different, resulting in the presented profile.



At point F, the pressure has dropped to PF = 4955 mbar, whereas according to the PFO model, it was expected to be Peq = 5023 mbar, i.e., a small amount of gas has further been adsorbed; ΔP = 68 mbar. However, at a late adsorption stage, most of the surface is occupied by adsorbed molecules. Therefore, rotation primarily triggers desorption and only marginally pushes them into previously inaccessible sites, as it happens in an early adsorption stage instead.



A similar behavior is also observed for the second rotation event. Just before the rotation, the global pressure was PF = 4955 mbar (yellow circle). During rotation, the pressure jumps to 5090 mbar (second yellow circle) and keeps increasing to PG = 5120 mbar. According to Equation (8), κ = 1.027. Since the system is now at a later stage, the amount desorbed is higher than the previous one, as it is expected. After rotation, the pressure keeps increasing for a while due to the kick-stop effect and then starts decaying towards PH = PI = 4975 mbar, where less pronounced secondary desorption occurs. Finally, the system reaches point J at PJ = 4865 mbar. Another small amount of gas has further been adsorbed, ΔP = 4955 − 4865 = 90 mbar, indicating that multiple rotations keep pushing molecules deeper into the pore matrix even when the whole process has become marginal.



The magnitude of the effect depends on various factors as the whole process is quite complex, and many different events take place either simultaneously or in sequence. In order to find the criterion with the highest importance, a number of scenarios were examined by the theoretical model. The results provide a guide for device optimization as well as know-how on configuration parameters according to any potential application.



Figure 7 shows the effect of ω, T, and r on the delivery process. As the angular velocity decreases, ΔP decreases while the critical radius remains constant. As the temperature decreases, ΔP slightly increases, and rc remains constant. Finally, as the radius of the cell increases, ΔP and rc increase. Apparently, for a given rotating cell, by controlling the angular velocity, a controllable delivery is allowed.




4. Conclusions


In this study, we have examined the effect of rotation as to whether or not it can assist gas storage in nanoporous materials in a way that (a) increases the storage capacity of the adsorbent, (b) promotes a fast loading, and (c) allows a controllable delivery. To this end, we have conducted adsorption and adsorption kinetic experiments with and without rotation on a PPB.



Multiple rotations cause an increase in the amount adsorbed by allowing previously inaccessible sites of the solid surface to become accessible. It was noticed, however, that although the adsorptive capacity of the solid increases, the Langmuir constant decreases compared to that of the isotherm without rotation. Additionally, a possible mechanism was presented. It was concluded that rotation provides an in situ method for increasing the storage capacity of the adsorbent.



In order to gain a better insight into the involved mechanisms, we have conducted the kinetic experiments with (a) multiple rotations at an early adsorption stage and (b) a single rotation at a late stage of the adsorption process followed by another single rotation after some time for repeatability reasons. All rotations were performed for 1 min at 5000 rpm. Multiple rotations accelerate adsorption kinetics, bestowing 3.25 times faster loading and 63% more amount adsorbed.



Rotation at a late adsorption stage is characterized by two main phases: (a) during rotation, fast desorption of the already adsorbed molecules, and (b) after rotation, slow and complicated procedures to settle the system down. At equilibrium, some marginal increase in the amount adsorbed is recorded too. We have given possible explanations for all observed sections of the kinetic curve, and we have also outlined a correction for the spinning gas when a PPB is present in the rotating cylinder. It was concluded that a single and short rotation triggers a fast delivery of the adsorbed gas.
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Figure 1. Special device: (a) device and auxiliaries, (b) the sample cell with dimensions in mm, and (c) real-life device. 
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Figure 2. Adsorption isotherm of CO2 on AC bed at 20 °C: open points correspond to no rotation; solid red points correspond to rotation at every pressure step; broken lines correspond to Langmuir model fit. 
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Figure 3. The effect of rotation on the adsorption process. Yellow cycles represents gas adsorbed molecules and red area represents a pore. 
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Figure 4. Early-stage adsorption kinetics at 10 °C: Curve with black points correspond to no rotation, where the dashed line indicates the PFO fit, and curve with red points correspond to multiple rotations. Solid red triangles indicate the rotation period. The broken line shows the time required to reach the same adsorption stage with and without rotation. 
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Figure 5. Late-stage adsorption kinetics at 20 °C. The resulting curve is divided into the following sections: (1) AB adsorption with a PFO fit (dashed line); (2) BC 1st rotation; (3) CF after 1st rotation; (4) FG 2nd rotation; and (5) GJ after 2nd rotation. Sections CF and GJ are further divided into the following subsections: CD and GI, gas flow from the edge of the rotating cell to the center; DE and HI, secondary desorption; EF and IK, enhanced adsorption. Open circles show the start/end of 1 min rotation. 
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Figure 6. Concentration zones. During rotation, at the edge of the cell, the concentration is higher than at the center. The critical radius, where the pressure difference changes from negative to positive, is equal to rc = 3.2 cm. 
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Figure 7. The effect of rotating parameters on spinning gas. Broken lines indicate the limits of the rotating cell, rcell. Line 1—ω1, T1, r1 = rcell; line 2—ω2 < ω1, Τ2 = Τ1, r2 = rcell; line 3—ω3 = ω1, T3 < T1, r3 = rcell; and line 4—ω4 > ω1, T4 = T1, r4 > rcell. Notice that rc and r′c are the radii of the zones where the transitions from negative to positive pressures occur; ΔP = P(r) − P. 
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Table 1. Carbon-based adsorbents with their CO2 adsorption capacity under the related conditions.
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	Adsorbents
	qmax

mmol/g
	T

°C
	P

Bar
	Ref.





	Cellulosic AC doped with Cu
	48
	25
	15
	[22]



	Carbon foam
	15.2
	0
	5
	[23]



	Chemically activated AC from olive stone
	10
	50
	1
	[9]



	Modified AC from fir bark
	7l
	0
	1
	[24]



	AC Norit RX *
	2.5
	30
	5
	[25]



	AC from black locust activated with KOH
	5.05
	25
	1
	[26]



	AC doped with N,S and activated with potassium salts
	3.04–3.99
	25
	1
	[27]







The asterisk (*) denotes the material used in this study.
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